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Glucose is one of the main energy sources for living organisms, and undoubtedly one of the 
most important compounds to life. In our body, glucose is the preferred energy resource 
for most cells. Mechanisms have consequently evolved to regulate its levels in the body. The 
first and limiting step in glucose metabolism is its transport across the plasma membrane. 
In eukaryotic cells, this transport is mediated by members of the GLUT protein family that 
are encoded by the SLC2A genes. They belong to the major facilitator superfamily that 
counts more than 5000 identified members to date. Humans have 14 different GLUT 
proteins, GLUT1–14, and they are expressed in virtually every cell type of the human body. 
Their central role in human physiology is reflected by their direct implications in disease, 
which also make them applicable drug targets. In particular, GLUTs have attracted atten-
tion as drug targets in cancer therapy, since the Warburg effect describes how most cancer 
cells exhibit high glucose consumption. The purpose of Glucose Transport is to combine 
protocols that encompass methods that can be used to scrutinize the structure-function 
relationship of GLUTs both in vitro and ex vivo. This collection of laboratory protocols will 
enable you as a researcher to determine the specific roles of the different GLUTs in various 
organisms.

Lund, Sweden Jesper S. Hansen 
 Karin Lindkvist-Petersson 

Preface
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Chapter 1

Expression and Purification of Rat Glucose Transporter 1 
in Pichia pastoris

Raminta Venskutonytė, Karin Elbing, and Karin Lindkvist-Petersson

Abstract

Large amounts of pure and homogenous protein are a prerequisite for several biochemical and biophysical 
analyses, and in particular if aiming at resolving the three-dimensional protein structure. Here we describe 
the production of the rat glucose transporter 1 (GLUT1), a membrane protein facilitating the transport of 
glucose in cells. The protein is recombinantly expressed in the yeast Pichia pastoris. It is easily maintained 
and large-scale protein production in shaker flasks, as commonly performed in academic research labora-
tories, results in relatively high yields of membrane protein. The purification protocol describes all steps 
needed to obtain a pure and homogenous GLUT1 protein solution, including cell growth, membrane 
isolation, and chromatographic purification methods.

Key words Glucose transporter, GLUT1, Pichia pastoris, Protein expression, Protein purification, 
Membrane protein, Chromatography

1 Introduction

GLUT1 is one of the most studied glucose transporters and it is 
widely expressed in a variety of tissues, including erythrocytes, 
blood-brain barrier, and pancreas [1]. Besides the normal function 
in healthy tissues, GLUT1 is known to be overexpressed in tumors 
in several different types of cancer [2]. For this reason, GLUT1 is 
a possible drug target for cancer therapy, and various chemical 
compounds have been shown to be potential inhibitors of GLUT1 
[3, 4]. Recently, the first X-ray crystal structure of the human 
GLUT1 was determined and it confirmed the 12-α-helical arrange-
ment of the transporter [5]. In addition, three low-resolution 
X-ray structures of the GLUT1 in complex with inhibitor com-
pounds have also been reported [6]. This is the first step towards 
an understanding of GLUT1 inhibition. However, much is to be 
done, including not only structural biology, but also various func-
tional studies that would provide extended understanding of the 



2

GLUT1 protein structure and function. Therefore, an easy and 
efficient expression and purification protocol for this protein is 
important. The production of GLUT1 has been described in yeast, 
both in Saccharomyces cerevisiae and Pichia pastoris, and insect cells 
[5–7]. Here, we provide a protocol for the expression and purification 
of the rat GLUT1 in yeast Pichia pastoris [7]. Pichia pastoris is 
optimal for large-scale protein expression as it can be grown to a 
very high cell density and it carries a strong methanol promoter, 
which allows efficient induction of protein expression [8]. Hence, 
P. pastoris can be successfully used to express large amounts of 
membrane proteins while at the same time being a relatively cheap 
expression system, which makes it an attractive choice for mem-
brane protein production [9].

2 Materials

Here we describe the expression of GLUT1 in P. pastoris cultivated 
in shaker flasks, which is commonly used in many academic labora-
tories. Materials and methods described here are adapted from a 
commercially available Pichia expression kit system (i.e., Pichia 
Expression Kit For expression of recombinant proteins in Pichia 
pastoris, Catalog Number K1710-01, Invitrogen). For the prepa-
ration of yeast expression media it is most convenient to first 
 prepare stock solutions and use them for preparation of the final 
growth media.

 1. YNB solution, 10×: Dissolve 34 g of yeast nitrogen base 
and 100 g ammonium sulfate in 1 L of water and filter sterilize 
(see Note 1). Store at 4 °C. For 1 L of expression medium, 
100 mL of 10× YNB solution is required.

 2. Biotin solution, 500×: Dissolve 20 mg in 100 mL of water and 
filter sterilize. Store at 4 °C. For 1 L of expression medium, 
2 mL of 500× biotin solution is required.

 3. Methanol solution, 10×: Mix 5 mL methanol with 95 mL of 
water and filter sterilize (enough for 1 L BMMY medium).

 4. Glycerol solution, 10×: Make a 10 % v/v glycerol solution by 
mixing 100 mL of glycerol with 900 mL of water, and auto-
clave. For 1 L of expression medium, 100 mL of 10× glycerol 
solution is required.

 5. Potassium phosphate buffer: Prepare a 1 M potassium phos-
phate buffer by combining monobasic and dibasic potassium 
phosphate to give a pH of 6.0. Autoclave the buffer. For 1 L of 
expression medium, 100 mL of 1 M potassium phosphate buf-
fer is required.

 6. Glucose, 10×: Dissolve 200 g of glucose in 1 L of water and 
sterilize using an autoclave or filtration.

2.1 Solutions 
for Yeast 
Expression Media

Raminta Venskutonyte·  et al.
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 7. YPD medium agar plates: Make a desired volume of 1 % w/v 
yeast extract, 2 % w/v peptone, and 2 % w/v agar and auto-
clave the solution. After the autoclavation, add sterile glucose 
solution to give 2 %, divide the solution into petri dishes, and 
let it solidify (see Note 2).

 8. YPDS medium agar plates: Prepare as YPD agar plates, but 
with the addition of 1 M sorbitol prior to autoclave steriliza-
tion. To prepare YPDS plates containing zeocin, add the 
desired amount of zeocin to the YPDS-agar solution after it 
has cooled down to 60 °C before dividing the medium into the 
plates (for the zeocin test it is convenient to use rectangular 
plates, e.g., OmniTray).

 1. Growth medium: To prepare 1 L of growth medium dissolve 
10 g of yeast extract and 20 g peptone in 700 mL water and 
autoclave. It is convenient to use 1 L blue-cap bottles for the 
growth medium.

 2. BMMY medium: To prepare BMMY add 100 mL of 1 M 
potassium phosphate buffer, 100 mL 10× YNB solution, 2 mL 
of 500× biotin solution, and 100 mL of 10× methanol solu-
tion to the growth medium.

 3. BMGY medium: For BMGY add 100 mL of 1 M potassium 
phosphate buffer, 100 mL 10× YNB solution, 2 mL of 500× 
biotin solution, and 100 mL of 10× glycerol to the growth 
medium.

 4. The ingredients should be mixed using a sterile technique to 
avoid any contamination.

 1. Consumables for cell work and incubation: Petri dishes, 
96-well plates, 15 mL round-bottom tubes, 50 mL Falcon 
tubes, glass beads, inoculation loops. Glass beads for small test 
expression test.

 2. Glassware for cell growth: 1 L conical flasks, 5 L conical baffled 
flasks.

 3. Shaker incubator with temperature control, spectrophotome-
ter for OD measurements, and centrifugation equipment for 
cell harvesting.

The pH of all buffers should be set at 4 °C, as protein purification 
is carried out in the cold and samples are held on ice at all times. 
Buffers used for chromatography with FPLC systems should be 
filtered through 0.2 μm filters. DTT should be added to buffers 
just prior to use. Also, detergents should be added immediately 
prior to use. Do not store buffers with detergents for longer periods 
of time.

2.2 Expression 
Media

2.3 Equipment 
for Protein Expression

2.4 Buffers 
for Protein Purification

Expression and Purification of Rat Glucose Transporter 1 in Pichia pastoris
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 1. Cell breaking buffer: 25 mM Sodium phosphate pH 7.4, 
4 mM EDTA, 5 % v/v glycerol, 2 mM DTT (added at use), 
protease inhibitor cocktail (added at use).

 2. Basic pH solution: 20 mM NaOH.
 3. Solubilization buffer: 20 mM Tris HCl pH 8.3, 20 % v/v glyc-

erol, 10 mM NaCl, 0.2 mM EDTA, 1 mM DTT, 1 % w/v DM 
(alternatively 2 % w/v DDM).

 4. Phosphate buffer: 25 mM Sodium phosphate, pH 7.4.
 5. Ion-exchange chromatography buffer A (buffer A): 20 mM 

Tris HCl pH 8.3, 10 % v/v glycerol, 0.2 mM EDTA, 1 mM 
DTT, 0.1 % w/v DM.

 6. Ion-exchange chromatography buffer B (buffer B): 20 mM 
Tris HCl pH 8.3, 10 % v/v glycerol, 0.2 mM EDTA, 1 mM 
DTT, 0.1 % w/v DM, and 1 M NaCl.

 7. Size-exclusion chromatography buffer: 20 mM Tris–HCl 
pH 8.3, 150 mM NaCl, 10 % v/v glycerol, 0.2 mM EDTA, 
0.1 % w/v DM.

X-Press Disintegrator (AB Biox, Sweden): This apparatus is used 
for breaking yeast cells in our laboratory; however, other cell dis-
ruption methods, efficient enough to break Pichia cells, could also 
be used:

 1. Dounce homogenizer.
 2. Ultracentrifuge and rotors for small- and large-scale expres-

sion/purification.
 3. Chromatography equipment, FPLC system.
 4. Anion-exchange chromatography column and size-exclusion 

chromatography column.
 5. Centrifugal concentrators with 100 kDa cutoff and 0.2 μm 

centrifugal filters.

3 Methods

The P. pastoris strain GS115 aqy1Δ [10] with a gene coding for 
Rattus norvegicus GLUT1 (rGLUT1) is used for the protein pro-
duction. The DNA coding for the rGLUT1 should be subcloned 
into a pPICZ vector applying general molecular biology methods, 
which carries the recombination sites allowing the insertion of the 
gene of interest into the yeast genome. Then this vector is  linearized 
and used for transformation in Pichia yeast cells, applying homolo-
gous recombination, according to standard protocols (for details 
see pPICZ A, B, and C Pichia expression vectors for selection on 
Zeocin™ and purification of recombinant proteins, Catalog no. 

2.5 Equipment 
for Protein Purification

Raminta Venskutonyte·  et al.
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V190-20. Invitrogen). Once the yeast cells are transformed with 
the vector carrying the rGLUT1 gene, screening for the clone that 
gives the best protein expression should be performed. When such 
clones are identified, it is important to confirm the protein expres-
sion in small scale before proceeding to the large-scale protein 
production.

 1. Aliquot 100 μL of sterile water into a 96-well plate for the 
number of transformants to be tested, and add small amounts 
of cells from one transformant by taking the cells from the top 
of one isolated colony.

 2. Mix by pipetting up and down, withdraw 5 μL of each resus-
pended transformant, and spot it on an YPDS plate containing 
0, 1000, and 1500 μg/mL zeocin, respectively. Incubate the 
plates at 30 °C for 2–3 days (see Note 3). Note that zeocin is 
light sensitive.

 3. Inspect the plates to identify the transformants, which resulted 
in the best growth. High zeocin resistance indicates high 
protein expression (see Fig. 1).

 1. Day 1: Using an inoculation needle or a pipette tip, take some 
cells from the selected clones from the zeocin screen and inoc-
ulate it into 5 mL of BMGY medium in 15 mL round-bottom 
culture growth tubes. Incubate at 30 °C with 250 rpm shaking 
for 24 h.

 2. Day 2: Measure the OD600 of the 5 mL cultures and use these 
cultures to start a 10 mL BMGY culture in the afternoon. 
Calculate the dilution to reach an OD600 of around 6 the fol-
lowing morning (see Note 4).

 3. Day 3: Measure the OD600. Transfer the culture into sterile 
50 mL centrifuge tubes and spin down the cells at 3,000 × g 
for 3 min at room temperature. Discard the supernatant and 
resuspend the cell pellet in 25 mL BMMY media. Then trans-
fer the culture into a sterile 250 mL Erlenmeyer flask and 
incubate at 30 °C, 250 rpm, for 24 h. The starting OD600 of 
this culture should be approximately 1–1.5.

 4. Day 4: In the morning feed the cultures with 2.5 mL of 10× 
methanol solution and incubate for additional 6–7 h. Then 
harvest the cells by centrifugation at 3,000 × g for 5 min at 
4 °C. Resuspend the cells in 1 mL of cell breaking buffer and 
transfer to a 1.5 mL centrifuge tube. Spin the cells at 16,000 × g 
for 3 min at 4 °C and discard the supernatant. The cell pellet 
can be frozen at −80 °C at this point.

 5. The cells can be lysed using a FastPrep® −24 Instrument (MP 
Biomedicals) for a small-scale experiment. Resuspend the cells 
in a small volume of breaking buffer and add the equivalent 

3.1 Screening 
for High Expressers

3.2 Small-Scale 
Expression Test

Expression and Purification of Rat Glucose Transporter 1 in Pichia pastoris
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volume of glass beads (e.g., if the cell suspension is 0.5 mL, 
add glass beads up to 1 mL). Shake the cells in the FastPrep® 
−24 for 20 s, at the speed setting of 6. Repeat the shaking for 
3 × times and cool the sample on ice in between the runs.

 6. Transfer the suspension of broken cells to a new tube and cen-
trifuge for 30 min at 16,000 × g  at 4 °C. Collect the superna-
tant and centrifuge at 120,000 × g (see Note 5) for 90 min at 
4 °C.

 7. Resuspend the isolated membranes in 100 μL solubilization 
buffer without 1 % w/v DM.

 8. Use equal amounts of the obtained membrane sample of each 
tested clone for Western blot analysis. Any standard Western 
blot protocol can be used for this purpose. Use a primary 
GLUT1 antibody for the detection of rGLUT1 and a suitable 
secondary antibody for your detection system.

 9. Evaluate the Western blot results. Choose the clone showing 
the strongest signal for rGLUT1 protein for further large-scale 
expression.

 10. Prepare a glycerol stock of the selected clones for long-term 
storage. This can be done by mixing equal amounts of culture 
of a specific clone in BMGY medium and 30 % sterile glycerol 
solution in a cryo tube. The glycerol stock should be stored at 
−80 °C and can be used for future expressions.

Depending on how much protein is needed, large-scale produc-
tion can be carried out in one to several liters. The expected yield 
of purified rGLUT1 is 1–3 mg/L culture. For each planned 1 L 

3.3 Large-Scale 
Expression of rGLUT1

Fig. 1 Selecting the best clones for protein expression. Selection of the best 
clones for expressing GLUT1 is performed on YPDS agar plates with 0, 1000, and 
1500 μg/mL zeocin

Raminta Venskutonyte·  et al.
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expression culture medium in BMMY, cells need to be pre-grown 
in 200 mL of BMGY medium.

 1. Day 1: Spread some cells from a glycerol stock on a YPD petri 
dish and incubate at 30 °C for 3 days.

 2. Day 4: Start several 5 mL BMGY pre-cultures in 15 mL tubes 
by inoculating with cells grown on a YPD plate. Incubate 
overnight at 30 °C with orbital shaking at 225–250 rpm.

 3. Day 5: In the afternoon, measure the OD600 of pre-cultures 
and inoculate 200 mL BMGY culture medium in 1 L 
Erlenmeyer flask with a volume of the pre-culture that would 
result in OD600 of 6–7 after 16–18-h incubation with orbital 
shaking at 225–250 rpm (see Note 6).

 4. Day 6: In the morning, measure the OD600 of 200 mL cul-
tures. Centrifuge the cells at 3,000 × g for 5 min at room tem-
perature in sterile centrifuge tubes, resuspend in BMMY 
medium, and transfer into a 5 L baffled Erlenmeyer flask 
bringing the volume of BMMY to 1 L. The starting OD600 of 
the 1 L culture should be around 1–1.5. Incubate the cultures 
for 24 h with orbital shaking at 225–250 rpm.

 5. Day 7: Feed the cultures with methanol by adding 5 mL of 
100 % methanol per L culture. Incubate for an additional 
6–7 h with orbital shaking at 225–250 rpm. Harvest the cells 
by centrifugation at 4,000 × g for 30–45 min at 4 °C. Resuspend 
the cells from 1 L culture in approximately 30 mL phosphate 
buffer and transfer the suspension to a 50 mL centrifuge tube. 
Spin at 4,000 × g for 5 min at 4 °C. Remove the supernatant 
and store cells at −80 °C (see Note 7).

 1. The cell pellet is mixed with breaking buffer to give a maxi-
mum of 30 mL of resuspended cell pellet. Let the cells melt 
completely on ice water. The suspension is poured into a 
precooled cell disintegrator and placed into −25 °C. Cell 
disintegrator with cell pellet should be equilibrated in the 
freezer for at least 20 h before proceeding with cell disrup-
tion (see Note 8).

 2. The cells are pressed through the cell disintegrator three times. 
The cells are removed from the disintegrator, mixed with 
30 mL of breaking buffer, and stirred on a magnetic stirrer. 
The total volume should be 50–60 mL of cell pellet in the 
breaking buffer. Cell pellets are left on a magnetic stirrer until 
the suspension is homogeneous and the pellet is fully 
resuspended.

 1. The cell lysate is subjected to a low-speed centrifugation to 
remove large cell debris at 6,000 × g for 10 min at 4 °C twice, 
and supernatant collected (see Note 9).

3.4 Cell Disruption

3.5 Membrane 
Isolation

Expression and Purification of Rat Glucose Transporter 1 in Pichia pastoris
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 2. The supernatant from low-speed centrifugation is further cen-
trifuged at 145,000 × g for 90 min at 4 °C.

 3. The supernatant from the ultracentrifugation step is discarded 
and the pellet weighed. The pellet is transferred to a 50 mL 
Dounce tissue grinder (homogenizer) together with basic pH 
solution. The pellet is homogenized with the pestle manually 
or by connecting the pestle to an electrical homogenizer and 
diluted with more basic pH solution. The amount of basic pH 
solution for the wash in total should be approximately 1 mL 
per 50 mg membranes (see Note 10).

 4. The washed membranes are subjected to ultracentrifugation 
again, at 145,000 × g for 90 min at 4 °C. The expected amount 
of the membranes at this step is approximately ten times less 
than the amount of the cell starting material.

 1. The isolated membranes are transferred to a 50 mL homoge-
nizer together with solubilization buffer without the detergent 
and homogenized with a pestle. Use enough of the buffer to 
achieve an easy homogenization, avoiding any foaming to 
occur.

 2. The homogenized pellet solution is mixed with the solubiliza-
tion buffer containing the detergent and protease inhibitors. 
The final concentration of the detergent in the membrane/
buffer solution should be 1 % w/v for DM and 2 % w/v for 
DDM. Use a total of 25 mL of solubilization buffer per 10 g 
cell starting material. Solubilization should be carried out for 
1 h at 4 °C with mild rotation (see Notes 11 and 12).

 3. After solubilization the solution is centrifuged at 145,000 × g 
for 30 min at 4 °C to remove any insoluble material. The 
supernatant is collected and the pellet is discarded. Take a 
sample for the SDS-PAGE analysis before and after 
centrifugation.

 1. For ion-exchange chromatography, the solubilized sample is 
diluted six times with buffer A without DM detergent. The 
sample is then filtered through a 0.2 μm filter and loaded onto 
a pre- equilibrated anion-exchange column (see Note 13). The 
protein is eluted with a salt gradient, using a combination of 
buffer A and buffer B. The gradient of 20 column volumes up 
to 50 % buffer B is used and fractions of 1 mL collected.

 2. Peak fractions are analyzed by SDS-PAGE and the fractions 
containing the rGLUT1 protein are pooled (see Note 14).

 3. The pooled fractions are concentrated using a 15 mL centrifu-
gal concentrator with a 100 kDa molecular cutoff to a final 
concentration of 10–15 mg/mL. Avoid high local protein 

3.6 Solubilization

3.7 Protein 
Purification

Raminta Venskutonyte·  et al.
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concentrations to build up, as well as increases in detergent 
concentration, by pipetting up and down every 10 min during 
the up-concentration process.

 4. For size-exclusion chromatography, equilibrate the column 
with 1.5–2 column volumes of buffer and inject 0.5 mL of the 
concentrated sample from ion-exchange chromatography 
step. The sample should be filtered through a 0.2 μm syringe 
filter before injection. The rGLUT1 protein elution volume is 
approximately 13 mL when using the Superdex 200 30/100 
GL column (GE healthcare). Collect 0.5 mL fractions and 
take out samples for SDS-PAGE (see Fig. 2). Pool the peak 
fractions of the rGLUT1 and concentrate until the desired 
concentration is reached (see Note 15).

 5. The purified protein sample can be used directly for functional 
assays or it can be aliquoted into desired volumes and flash 
frozen in liquid nitrogen. The frozen samples should be stored 
at −80 °C.

4 Notes

 1. Note that some solutions can be autoclaved, while others are 
sensitive to heat treatment and should be sterile filtered 
instead. A vacuum filtration with disposable sterile 0.2 μM fil-
ters and a bottle that has been autoclaved can be used.

 2. The glucose solution can either be filtered or autoclaved. 
However, it is important to autoclave just the glucose solu-
tion; that is, glucose cannot be added to the media and then 
autoclaved, as it will caramelize. For example, if preparing 1 L 
of YPD medium, one should mix all the ingredients except the 
glucose and bring the volume to 900 mL. After the autoclava-
tion, 100 mL of 20 % v/v glucose solution can be added to 
give a final concentration of 2 %.

 3. It is recommended to monitor the plates regularly, twice a day, 
to observe the growth and to avoid false positives. The clones 
with high protein expression should show the best growth, 
but it is important to observe the colonies and to select the 
clones appearing earliest on the zeocin-containing medium. 
The plate without zeocin is used to see that approximately the 
same amount of cells were pipetted for each clone.

 4. P. pastoris cells double approximately every 2 h; thus for exam-
ple if 16-h growth is planned, one should estimate that the 
culture will double eight times and dilute the culture 
 accordingly. Also, when measuring cell optical density one 
should dilute the sample if OD exceeds 1.0, as the measure-
ment will not be accurate otherwise.

Expression and Purification of Rat Glucose Transporter 1 in Pichia pastoris



10

 5. Depending on available centrifuge, rotors, and tubes, various 
solutions can be used to isolate the membranes at 120,000 × g. 
It is important to calculate the suitable rpm for a rotor used as 
well as to ensure that the tubes are compatible with high cen-
trifugation speeds. In our laboratory, a TLA 120.1 rotor is 
used for this step, as it fits small centrifuge tubes.

 6. Before starting the expression of the protein in a growth 
medium with methanol, the cells are grown in a medium with 
glycerol, to obtain enough biomass before the induction of 
protein expression with methanol.

 7. If contamination is suspected, one could take a small sample of 
the culture and inspect it under the microscope to make sure 
that no bacterial contamination is present.

 8. The cell disruptor should be assembled and placed into a 
freezer at least 1 day before the cells are poured into the 
disruptor. In this protocol, the X-Press disintegrator (AB 
Biox, Sweden) is used; however another method suitable 
for breaking yeast cells can also be used, for example, a 

Fig. 2 Size-exclusion chromatography (SEC) profile of rGLUT1. The first peak is GLUT1 protein, while the second 
larger peak is most likely detergent micelles and/or impurities. The buffer used was 20 mM HEPES pH 7.0, 
150 mM NaCl, and 10 % v/v glycerol and the sample was purified twice by ion-exchange chromatography and 
one SEC after which the purest fractions were collected and subjected to the SEC again resulting in the pre-
sented profile. The insert shows an SDS-PAGE of the peaks as well as a sample that was subjected to the SEC 
and a protein marker (PageRuler Prestained Protein Ladder, Thermo Fisher Scientific) with indicated MW in kDa

Raminta Venskutonyte·  et al.
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Bead Beater (Biospec) for cell lysis. The limitation of using 
the cell disintegrator is that the maximum volume of cell 
slurry is 30 mL, which is normally an amount from 2 L cul-
ture (20–25 g of cells).

 9. This step is meant to clear the cell lysate before continuing 
with high-speed centrifugation for membrane isolation. The 
recommended centrifugation speed of 6,000 × g can be varied 
and it is possible to use lower speeds, compatible with tabletop 
centrifuges as well (e.g., 4,000 × g).

 10. Many ultracentrifuge tubes are sensitive to high pH values and 
cannot be used for centrifugation of the NaOH solution. 
Therefore, after washing the membranes, the pH of the solu-
tion can be brought back to the pH value close to 8 before 
pouring the sample into the ultracentrifuge tubes. Alternatively, 
one-time tubes for ultracentrifugation, such as OptiSeal™ 
(Beckman Coulter), could be used at this step.

 11. For homogenizing the membranes, use the solubilization buf-
fer with protease inhibitor, but without the detergent, and 
after the membranes are homogenized mix them with the 
remaining solubilization buffer containing the detergent. The 
membranes in solubilization buffer can be poured into a 
50 mL Falcon tube and placed on a rotator for such tube. 
Alternatively, the solubilization can be performed in a flask 
with magnetic stirring. Instead of DM, DDM can also be used 
as a detergent for solubilization.

 12. We occasionally detect cleavage of rGLUT1 for some batches. 
If this occurs, including cholesterol esters to the solubilization 
buffer can resolve the problem. In our laboratory, solubiliza-
tion with a buffer containing 2 % w/v DDM and 0.4 % w/v 
cholesteryl Hemisuccinate Tris Salt (Anatrace) works well in 
overcoming the cleavage issue.

 13. In our laboratory, both 6 mL Resource Q and 5 mL HiTrap 
Q HP (GE Healthcare) anion-exchange columns have been 
used for the purification, and both are suitable. The flow rate 
should be adjusted according to the column’s specifications.

 14. The theoretical isoelectric point (pI) of the GLUT1 protein is 
9 (calculated from the amino acid sequence with ProtParam 
tool [11]); however the pH for the binding to an anion- 
exchange column has been determined experimentally and the 
pH 8.3 is suitable for capturing the protein on a Resource Q 
or a HiTrap Q columns. It is recommended to analyze peak 
fractions on a SDS-PAGE, to check the purity of the protein 
after the ion-exchange chromatography, and to choose the 
purest peak fractions. Also, the samples of solubilized mem-
branes can be included into SDS-PAGE analysis at this point 
to monitor the total solubilized protein. The level of impurities 

Expression and Purification of Rat Glucose Transporter 1 in Pichia pastoris
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can vary for different expressions. If large amounts of impuri-
ties, as judged from the SDS-PAGE, are seen after the ion-
exchange step, the peak fractions can be diluted to a lower salt 
concentration (≤10 mM) with buffer A and subjected to an 
ion-exchange again (using a washed and pre-equilibrated col-
umn) before proceeding to the next step.

 15. The protein sample used for size-exclusion chromatography 
should be almost pure. If no well-resolved peak is obtained, 
the sample can be collected, concentrated, and subjected to 
size-exclusion chromatography one more time. We often see a 
GLUT1 peak, eluting at around 13 mL followed by another 
peak, which does not show protein bands on the SDS-PAGE. 
We are not sure what this second peak is, but it might be that 
it corresponds to detergent micelles, which elute separately 
when concentrated samples are used. The peak fractions 
should be analyzed by SDS-PAGE to confirm the purity of the 
protein. It is common to see a monomeric as well as dimeric 
band on the gel. Moreover, the protein runs at approximately 
40 kDa mark on a Bis-tris 4–12 % gel; thus it does not agree 
with its actual size (54 kDa). Also, a different buffer could be 
used for the SEC than suggested in this manual; for example, 
HEPES buffer at pH 7.0 is also suitable.
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Chapter 2

Crystallization and Structural Determination of the Human 
Glucose Transporters GLUT1 and GLUT3

Dong Deng and Nieng Yan

Abstract

Overexpression, purification, and crystallization of eukaryotic membrane proteins represent a major chal-
lenge for structural biology. In recent years, we have solved the crystal structures of the human glucose 
transporters GLUT1 in the inward-open conformation at 3.17 Å resolution and GLUT3 in the outward-
open and occluded conformations at 2.4 and 1.5 Å resolutions, respectively. Structural elucidation of these 
transporters in three distinct functional states reveal the molecular basis for the alternating access transport 
cycle of this prototypal solute carrier family. It established the molecular foundation for future dynamic and 
kinetic investigations of these GLUTs, and will likely facilitate structure-based ligand development. In this 
chapter, we present the detailed protocols of recombinant protein expression, purification, and crystalliza-
tion of GLUT1 and GLUT3, which may help the pursuit of structural elucidation of other eukaryotic 
membrane proteins.

Key words Glucose transporters, Glut, GLUT1, GLUT3, Protein purification, Crystallization

1 Introduction

Structural biology aims to unveil the biological world at atomic 
scale. X-ray crystallography, electron microscopy (EM), and nuclear 
magnetic resonance (NMR) are the major experimental approaches 
for elucidating the three-dimensional structures of macromole-
cules. Among all the biological molecules and miniature machiner-
ies, integral membrane proteins, particularly eukaryotic membrane 
proteins, represent the most challenging targets for structural biol-
ogy due to the technical difficulties associated with protein genera-
tion, purification, and crystallization. By October 4th 2016, in 
total 2052 structures of membrane proteins were reported, repre-
senting approximately 1.5 % of the total structure entries deposited 
to Protein Data Bank (PDB). Among these structures, only 647 
are unique ones (http://blanco.biomol.uci.edu/mpstruc/). 

http://blanco.biomol.uci.edu/mpstruc
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The recent technological breakthrough of cryo-EM has drastically 
promoted structural elucidation of membrane proteins with a large 
molecular mass. However, for those proteins with a molecular 
weight below 150 kDa, the primary method for high-resolution 
structure resolution remains to be X-ray crystallography.

The SLC2A family glucose transporters, exemplified by 
GLUT1, 2, 3, and 4, have been the prototype in the investigation 
of solute transport. GLUT1−4 catalyze facilitative diffusion of glu-
cose across biomembranes, responsible for the supply of glucose to 
brain and other organs [1]. Owing to their fundamental physiolog-
ical significance, structures of GLUTs have been pursued for 
decades. In the past several years, we have solved four X-ray struc-
tures of human GLUT1 and GLUT3 at three distinct transport 
states, including GLUT1 in the inward-open conformation at 
3.17 Å, and GLUT3 in the maltose-bound outward-open state at 
2.6 Å and occluded conformations in the presence of glucose or 
maltose at 1.5 and 2.4 Å resolutions, respectively. With these struc-
tures, a morph of a nearly complete alternating access transport 
cycle can be generated.

To capture the structures of GLUT1 and GLUT3 at different 
functional states, we aimed to set up efficient strategies for (1) the 
overexpression of GLUTs in insect cells, (2) the purification with 
appropriate detergents, (3) crystallization, and (4) structure deter-
mination. We hereby also describe a proteoliposome-based coun-
ter-flow assay following a modified protocol [2] to qualitatively 
examine the transport activity of GLUTs. In retrospect, the suc-
cessful crystallization and structural determination of GLUT1 and 
GLUT3 in different conformations may be attributed to the fol-
lowing elements:

 1. Introduction of point mutations that remove glycosylation. 
We have introduced glycosylation-eliminated variants of 
GLUT1 (N45T) and GLUT3 (N43T).

 2. Introduction of point mutation to GLUT1 that may lock 
the protein in the inward-open conformation. By literature 
search, we identified one single-point mutation GLUT1 
(E329Q) that may lock the protein in an inward-open 
state. The mutation was originally identified as a disease-
related variation in GLUT4.

 3. The recombinant GLUT1 protein was purified and crystal-
lized in the presence of the detergent β-nonyl-D-
glucopyranoside, which may further stabilize an 
inward-open conformation of the transporter.

 4. Crystallization of GLUT1 was carried out at 4 °C, which may 
lower the mobility of the transporter, facilitating 
crystallization.

Dong Deng and Nieng Yan
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2 Materials

 1. Modified vectors from pFastBac1 (Thermo).
 2. E. coli strains: DH5α and DH10Bac.
 3. Insect cell lines: Sf-9 (Spodoptera frugiperda), High Five 

(Trichoplusia ni).
 4. Luria-Bertani (LB) medium: LB Broth, Miller.
 5. LB agar plates (for plasmid generation): LB agar plates con-

taining 100 μg/mL ampicillin (Amresco).
 6. LB agar plate (for bacmid generation): LB agar plates contain-

ing 100 μg/mL x-gal, 40 μg/mL IPTG, 50 μg/mL kanamy-
cin, 7 μg/mL gentamicin, 10 μg/mL tetracycline.

 7. LB medium (for bacmid generation): LB medium with 50 μg/
mL kanamycin, 7 μg/mL gentamicin, 10 μg/mL tetracycline.

 8. Ethanol solution: 70 % v/v Ethanol.
 9. Antibiotic solution: 10 × Penicillin-streptomycin solution.
 10. HyClone™ SFX-Insect cell culture medium (GE Healthcare).
 11. Cellfectin II (Thermo).
 12. SIM HF cell culture medium (Sino Biological Inc.).
 13. FBS solution: 5 % v/v FBS (Thermo).
 14. Lysis buffer 1: 25 mM Tris–HCl pH 8.0 and 150 mM NaCl.
 15. Lysis buffer 2: Lysis buffer 1 containing protease inhibitors 

(0.8 μM aprotinin, 2 μM pepstatin, 5 μg/mL leupeptin) and 
2 % w/v n-dodecyl-b-D-maltoside (DDM).

 16. Ni-NTA agarose.
 17. Wash buffer: 25 mM MES pH 6.0, 150 mM NaCl, 30 mM 

imidazole, 5 % v/v glycerol, and 0.05 % w/v n-dodecyl-β-D-
maltopyranoside (DDM) (Anatrace).

 18. Elution buffer: 25 mM MES pH 6.0, 150 mM NaCl, 300 mM 
imidazole, 5 % v/v glycerol, and 0.05 % w/v DDM.

 19. Centrifugal filters: 50 kDa Molecular cutoff.
 20. Size-exclusion buffer: 25 mM MES pH 6.0, 150 mM NaCl, 

5 % v/v glycerol, and 0.4 % w/v n-Nonyl-β-D-glucopyranoside 
(β-NG) (Anatrace).

 21. Anti-His tag mouse polyclonal antibody, goat anti-mouse 
IgG, HRP-conjugated IgG (CWBio), and TMB substrate.

 22. Phusion DNA Polymerase (Thermo).
 23. T4 DNA ligase (NEB).
 24. dNTP solution: 10 mM dNTP.

Structural Determination of GLUT1 and GLUT3
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 25. TIANgel Mini Purification Kit (TIANGEN).
 26. DNA product Purification Kit.
 27. Plasmid Purification Kit.
 28. Reservoir solution (for hanging-drop vapor diffusion crystal-

lization of GLUT1): 30 % w/v PEG400, 0.1 M MES pH 6.0, 
and 0.1 M MgCl2.

 29. Mother liquor (for lipid cubic phase (LCP) crystallization of 
GLUT3): 28 % v/v PEG400, 0.1 M HEPES pH 6.8, and 
50 mM ammonium citrate.

 30. Precipitant solution (outward-occluded conformation): 
38–40 % v/v PEG 400, 100 mM (HCOO)2Mg, 50 mM malt-
ose, and 100 mM ADA pH 6.5.

 31. Precipitant solution (outward-open conformation): 34 % v/v 
PEG 400, 400 mM (NH4)2HPO4, 50 mM maltose, and 
100 mM ADA pH 6.9.

 32. MicroMesh (M3-L18SP-50; MiTeGen).
 33. Radioactive glucose: 1 μCi D-[2-3H] glucose (specific radioac-

tivity 21.5 Ci/mmol, 0.46 mM external D-[2-3H] glucose) 
(Perkin Elmer).

 34. E. coli polar lipids extract (Avanti Polar Lipids Inc.).
 35. Mixed liposome solution: 3:1 v/v chloroform and methanol.
 36. KPM buffer: 50 mM Potassium phosphate pH 6.5, 2 mM 

MgSO4.
 37. PC Membranes 0.4 μm (Satorius), GSTF membrane filter 

0.22 μm (Merck-Millipore).
 38. Bio-Beads SM2 (Bio-Rad).
 39. Optiphase HISAFE 3 (PerkinElmer).
 40. MicroBeta JET (PerkinElmer).
 41. Glass sandwich plates (Shanghai FAstal BioTech).
 42. Robot arm Gryphon (ARI).
 43. SPEXTM 6770PLUS (SPEX SamplePrep).
 44. SDS-polyacrylamide gel equipment.
 45. Superdex-200 10/300 GL.
 46. HiTrap Desalting column, 5 mL.
 47. ÄKTA pure chromatography system (GE Healthcare).

3 Methods

The general steps required for the structure determination of 
GLUTs. The methods comprise (1) the establishment of Bac-to-
Bac® Baculovirus Expression System for expression of GLUTs in 
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insect cells, (2) protein expression and purification, (3) crystalliza-
tion, and 4) data collection and structure determination (see 
Fig. 1). In this chapter, we only mention the case using insect cells; 
however GLUT1 was also purified from the overexpression system 
of yeast (Saccharomyces cerevisiae [3] and Pichia pastoris [4]) and 
human erythrocyte membrane [5].

For GLUT1, the full-length human GLUT1 cDNA is subcloned 
into the NdeI and XhoI sites of a modified pFastBac vector with a 
standard PCR-based strategy. A C-terminal 10× His-tag immedi-
ately follows the sequence. For GLUT3, the synthesized and 
codon-optimized cDNA of human GLUT3 (N43T) is subcloned 
into a modified pFastBac vector with an N-terminal 10× His-tag. 
The pFastbac vectors used in our study were modified to introduce 
the His-tag to GLUTs (see Note 1 and Fig. 2).

 1. The cDNAs of GLUTs are amplified using a standard PCR 
protocol. The PCR reaction mixture, 50 μL in total, is com-
posed of 1 μL (200 ng) of DNA template, 50 pmol of each 
primer, 0.5 μL of Phusion enzyme, 2 μL dNTP, and 1 μL 
DMSO in the phusion buffer.

 2. The PCR products are purified with the TIANgel Mini 
Purification Kit.

3.1 Generating 
the Recombinant 
pFastBac Vector

Fig. 1 General steps for structure determination of GLUTs. This flow chart pres-
ents the procedure for determining the structure of GLUT1/GLUT3. Each step will 
be described in the following parts. Also shown is the approximate time cost for 
major steps involved

Structural Determination of GLUT1 and GLUT3
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Fig. 2 Maps of plasmids used in the experiments. (a) Map of commercial pFastBac1 plasmid. (b) Sequence of original 
MCS in pFastBac1. (c) Map of recombinant plasmid (pFastBac1-GLUTs) with vector reconstructed. (d) Detailed 
reconstruction of the pFastBac1-GLUTs at MCS. The original RE cutting site, the constructed RE cutting site, and the 
10× His tag and protease cutting site are shown in light blue, green, dark blue, and purple, respectively
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 3. The purified PCR products and vectors are digested by NdeI 
and XhoI for 1.5 h at 37 °C. The restricted digestion reaction, 
60 μL in total, is composed of 52 μL PCR products or 2 μg 
vectors, 1 μL NdeI, and 1 μL XhoI in Cutsmart buffer.

 4. The digested PCR products are purified with the DNA prod-
uct purification kit. The vectors are purified with the TIANgel 
Mini Purification Kit.

 5. The purified PCR products and vectors are ligated using T4 
ligase. The ligation reaction, 10 μL in total, is composed of 
1 μL T4 ligase, 1 μL digested vectors (20 ng), and 7 μL 
digested DNA (~100–200 ng) insert in ligation buffer.

 6. Once the insert is integrated into the vector, the ligation reac-
tion is transformed into DH5α E. coli and selected for ampicil-
lin-resistant transformants on LB agar plates (amp+).

 7. To identify the correct colony, positive transformants are ana-
lyzed by PCR and further checked with sequencing.

 8. The colony is purified with the Plasmid Purification Kit to 
generate the pFastBac-GLUTs plasmids.

 9. For mutagenesis of GLUT1 N45T/E329Q, and GLUT3 
N43T, the quick-change methods were carried out with com-
plementary primers comprising mutations following a modi-
fied protocol (see Note 2).

 1. For transformation, 50 μL DH10Bac competent cells are 
thawed on ice in advance.

 2. 1 μL pFastBac-GLUT plasmids (about 400 ng) are added into 
the competent cells and mixed gently.

 3. Incubate the transformed cells on ice for 30 min. Heat shock 
the cells at 42 °C for 90 s and then immediately chill on ice 
for 2–5 min.

 4. Add 600 μL of LB medium without antibiotics and recover 
the cells at 37 °C at 220 rpm for 3 h.

 5. Plate 25 μL, 50 μL, and 100 μL, respectively, of the cells on a 
LB agar plate (for bacmid generation). Incubate the plate for 
at least 48 h at 37 °C. To identify the correct colonies, single 
white bacterial colonies are analyzed by PCR with pUC/M13 
forward and reverse primers (see Note 3).

 6. Incubate the correct colonies in 3 mL LB medium (bacmid) at 
37 °C overnight in a shaking incubator. Collect the bacterial 
cells by centrifugation and purify the recombinant bacmids 
with plasmid purification kit following the manufacturer’s 
manual, but instead of using the column to purify the bacmid, 
precipitate the DNA with isopropanol. Do this by adding 
640 μL isopropanol into 800 μL supernatant after centrifuga-
tion, and incubate the mixture in −20 °C for 60 min.

3.2 Generating 
the Recombinant 
Bacmids
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 7. To collect the precipitated DNA, the solution is centrifuged at 
13,000 × g at 4 °C for 15 min.

 8. Wash the pellet with 1 mL ethanol solution followed by 1 mL 
100 % ethanol.

 9. Dissolve the recombinant bacmids in 50 μL sterile ddH2O. 
Do not pipette or vortex the solution.

 10. Run a 0.5 % w/v agarose gel to check the purified bacmid DNA 
(large amounts of plasmids can also be found) as well as the addi-
tional PCR analysis with the pUC/M13 primers (pUC/M13 
forward: 5′-CCCAGTCACGACGTTGTAAAACG-3′; pUC/
M13 reverse: 5′-AGCGGATAACAATTTCACACAGG-3′) to 
confirm that the bacmids contain the target genes.

Transfecting the recombinant bacmids into the Sf-9 cells produces 
recombinant baculovirus.

 1. Sf-9 cells are cultured in Hyclone SFX insect cell culture 
medium. Add 1 mL Sf-9 cells (~1.5 × 106 cells/mL) and 
1.5 mL medium in 60 mm tissue culture plates, allowing cells 
to attach for 10 min at 27 °C. Wash the attached cells once 
with 2 mL Hyclone SFX insect cell culture medium and add 
another 2 mL Hyclone SFX insect cell culture medium (see 
Note 4).

 2. Dilute 10 μL of recombinant bacmids into 100 μL of Hyclone 
SFX insect cell culture medium, and 6 μL of cellfectin II in 
100 μL of Hyclone SFX insect cell culture medium, respec-
tively. Combine the diluted DNA and cellfectin II and mix 
gently. Incubate the mixture for 15–30 min at room 
temperature.

 3. Add the mixture dropwise onto the cells and incubate for 4 h 
at 27 °C. Remove the mixture and add 2.5–3 mL of the 
Hyclone SFX insect cell culture medium with antibiotic solu-
tion and FBS solution. Incubate the cells at 27 °C for 72–96 h.

 4. Collect the medium containing the virus. Centrifuge the 
medium at 800 × g for 5 min to collect the supernatant and 
remove the precipitates. Store the clarified supernatant (P1 
viral stock) in a fresh conical tube at 4 °C away from light.

 5. To obtain higher titer, the baculoviral stock needs to be ampli-
fied from P1. Add 5–7 mL Sf-9 cells (~1.5 × 106 cells/mL) in 
150 mm tissue culture plates with 35–40 mL fresh Hyclone 
SFX insect cell culture medium with antibiotic solution and 
add P1 baculoviral stock at the ratio of 1:20. Incubate the cells 
at 27 °C for 48–72 h in humidified incubator. Collect the 
medium containing the virus.

3.3 Producing 
Recombinant 
Baculovirus
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 6. Centrifuge the medium at 800 × g for 5 min in a sterile 50 mL 
conical tube to remove the precipitates.

 7. Store the clarified supernatant (P2 viral stock) with additional 
2–3 % serum in a fresh 50 mL conical tube at 4 °C, away from 
light (see Note 5).

 8. The P3 or P4 viral stocks are generated from P2 or P3, respec-
tively, and accomplished by repeating this protocol.

Before large-scale expression of GLUTs, it is necessary to detect the 
expression by Western blotting for a preliminary analysis. Other 
screening systems, such as the fluorescence-detection size-exclusion 
chromatography for GFP-tagged proteins, are also available [6]. 
Here, we only mention the protocol for Western blotting analysis 
and the following large-scale expression.

 1. After transfection with bacmid, the Sf-9 cells generate virus 
and meanwhile start to express the GLUT proteins.

 2. Collect the Sf-9 cells in the step of generating P3 or P4 viral 
stock and lyse the cells with 2× SDS loading buffer.

 3. Analyze the cell lysates by SDS-PAGE and Western blotting. 
Use the anti-His antibody to detect the GLUT protein which 
carries an N- or a C-terminal 10× His-tag.

 4. For large-scale expression of GLUT1 (N45T/E329Q) and 
GLUT3 (N43T) we recommend to grow cells in suspension 
using the High Five and Sf-9, respectively.

 5. Maintain the cells in a 27 °C shaker. Determine the viable cell 
count from a 3-day-old suspension culture and dilute the cell 
suspension to 0.8 × 106 cells/mL in the SIM HF medium for 
High Five cells or SFX medium for Sf-9 cells in a 2 L flask.

 6. Shake the cells until their density reaches 1.5 × 106 cells/mL.
 7. Add 15–25 mL baculoviral stock (P3 or P4) to 800 mL cul-

ture to infect the cells and incubate for 48 or 72 h in a 27 °C 
shaker (see Note 6).

 8. Harvest the cells by centrifugation at 3,000 × g for 10 min at 
4 °C and remove the media. The cell pellets are ready for pro-
tein purification.

Purification of GLUT1 and GLUT3 (see Fig. 3) follows the same 
approach, except with minor modifications (see Note 7 and Note 8).

 1. Forty-eight hours after viral infection, the High Five cells of 
4 L cultures are collected.

 2. Resuspend the cells in 100 mL lysis buffer. The collected cells 
can either be immediately used or frozen in liquid nitrogen 
and then stored at −80 °C.

3.4 Expressing 
Recombinant GLUTs 
Proteins

3.5 Protein 
Purification
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 3. Disrupt the cells using Dounce homogenizer for 80 cycles on 
ice. After centrifuging the total extract at 5,000 × g for 10 min 
followed with ultracentrifugation of the supernatant at 
150,000 × g for 1 h at 4 °C, the membrane fraction is solubi-
lized in lysis buffer II at 4 °C for 2 h.

 4. Ultracentrifuge the membrane fraction at 150,000 × g for 
30 min, and then incubate the detergent-soluble fraction with 
nickel affinity resin (Ni-NTA) at 4 °C for 30 min.

 5. Rinse the resin with the wash buffer three times.
 6. Elute the protein from the affinity resin with the elution 

buffer (see Note 7).
 7. Concentrate the protein to about 10 mg/mL using a 50 kDa 

centrifugal filter.
 8. Further purification of GLUT1 protein is carried out in the 

size-exclusion buffer by gel filtration. Collect the peak frac-
tions and flash freeze the protein in liquid nitrogen and then 
store at −80 °C for following crystallization trials and bio-
chemical assay (see Note 8).

Fig. 3 A typical example for purification of GLUT3 by Ni-NTA and size-exclusion chromatography. (a) Samples 
from the Ni-NTA purification were applied for SDS-PAGE followed by Coomassie blue staining. M protein 
marker, S supernatant after ultracentrifugation, P pellet after ultracentrifugation, F flow through, W wash, E 
elution, R resin of Ni-NTA. (b) Result of size-exclusion chromatography, the sample before injection (INJ) and 
peak fractions were applied for SDS-PAGE analysis
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GLUT1 and GLUT3 were crystallized in different manners. We 
provide here the individual protocols that led to the successful 
crystallization of GLUT1 and GLUT3, respectively.

For crystallization of GLUT1, the hanging-drop vapor diffusion 
method is carried out.

 1. Pipette 0.3 mL crystallization buffer into the reservoir of the 
24-well plate (such as the VDX plate).

 2. Pipette 0.8 μL of the GLUT1 solution into the center of a sili-
conized 22 mm square cover slide.

 3. Pipette 0.8 μL of buffer from the reservoir into the drop on 
the cover slide.

 4. Invert the cover slide so that the drop will be hanged from 
cover slide and position the cover slide onto the bead of grease 
on the reservoir. Press the slide down gently and ensure a 
complete seal.

 5. The initial crystallization screening of GLUT1 is set up using 
commercial screening kits, including MemGold I/II, 
MemStart, MemSys, and MemPlus (Molecular Dimensions).

 6. Most of the extensive crystallization trials failed to yield crys-
tals for GLUT1 purified in various detergents. The crystals did 
however appear in the reservoir solution (GLUT1) at 4 °C 
after 2 days and reached full size in 5–7 days. Collect the crys-
tals using Mounted Cryoloop with 20 μm diameter nylon 
(Hampton Research) and flash freeze the crystals in liquid 
nitrogen immediately.

GLUT3 (N43T) in complex with D-glucose or maltose was crys-
tallized with the lipidic cubic phase approach. The following pro-
tocol explains this approach.

 1. The protein is concentrated to 30–40 mg/mL, and then 
mixed with monoolein in ratio 1:1.5 w/w proteins:lipid ratio 
using a syringe lipid mixer.

 2. For crystallization of GLUT3 (N43T) in complex with 
D-glucose, the robot arm Gryphon (ARI) was used to mix the 
40 nL meso phase with 900 nL crystallization buffer for each 
condition on glass sandwich plates.

 3. The crystals appeared within 1 week with a typical size of 
70 μm × 50 μm × 10 μm.

 4. These crystals diffracted X-rays to approximately 2.5 Å at 
SSRF beamline BL17U. Mother liquor is used to optimize the 
crystals, which in our hands gives rise to crystals with an 
approximate size of 140 μm × 100 μm × 20 μm.

3.6 Protein 
Crystallization

3.6.1 Crystallization 
of GLUT1 (N45T/E329Q)

3.6.2 Crystallization 
of GLUT3 (N43T)

Structural Determination of GLUT1 and GLUT3
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 5. For crystallization of GLUT3 (N43T) in complex with malt-
ose, 30–45 nL meso phase was overlaid with 800 nL of pre-
cipitant solution. In our hands, crystals appeared overnight 
and grew to a maximum size of about 20 μm × 20 μm × 5 μm 
at 20 °C within 1 week.

 6. Collect the crystals using MicroMesh and flash freeze the crys-
tals in liquid nitrogen immediately.

All data sets of GLUT1 and GLUT3 were collected at BL17U at 
SSRF and the microfocus beamline BL32XU at SPring-8, respec-
tively (see Note 9).

Liposomes can be prepared according to general protocols.

 1. Dissolve 20 mg E. coli polar lipid extract into chloroform to a 
final concentration of 50 mg/mL in a glass vial. Evaporate the 
solvent and make sure that the lipids are distributed over the 
wall and bottom evenly using a stream of ultrapure nitrogen 
gas to prevent the lipids from oxidation.

 2. Resuspend the lipids with the KPM buffer plus 50 mM glu-
cose and vortex to make an emulsion at 20 mg/mL.

 3. Freeze the liposomes in liquid nitrogen and thaw again. 
Repeat this for ten cycles. Then extrude the liposomes 
through a membrane filter.

 4. For the counter-flow assay of GLUTs, proteoliposomes can be 
prepared using the 20 mg/mL pre-extruded liposome 
suspension.

 5. Incubate the liposomes with 1 % w/v n-octyl-β-D-
glucopyranoside (β-OG) for 60 min at 4 °C.

 6. Add the purified GLUT1 (N45T) or GLUT3 (N43T) (10 μg 
protein per mg lipid) and incubate for an additional 60 min at 
4 °C.

 7. To remove β-OG, the sample is incubated with 240 mg/mL 
Bio-Beads SM2 overnight and then with 120 mg/mL Bio-
Beads for an additional 2 h. Removal of detergent reconsti-
tutes the protein into the liposomes to produce 
proteoliposomes.

 8. Freeze the proteoliposomes in liquid nitrogen and thaw. 
Repeat for five cycles, and extrude the sample through a 
membrane filter.

 9. Collect the proteoliposomes by ultracentrifugation at 
100,000 × g for 1 h, and wash with ice-cold KPM buffer to 
remove the excessive glucose. Resuspend the proteoliposomes 
with KPM buffer to a final concentration of 100 mg/mL 
(phospholipids).

3.7 Data Collection 
and Structure 
Determination

3.8 Preparation 
of Liposomes 
and Proteoliposomes
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 1. Add 2 μL prepared proteoliposomes of GLUT1 or GLUT3 
into 100 μL KPM buffer plus radioactive glucose, 1 μCi D-[2-
3H] glucose.

 2. After incubation, stop the uptake of radiolabeled substrates by 
filtering the sample through 0.22 μm Millipore filters.

 3. Wash the filter membranes with 2 mL ice-cold KPM buffer 
immediately and solubilize the membranes with 0.5 mL 
Optiphase HISAFE 3. The solution is then used for liquid 
scintillation counting with MicroBeta JET.

 4. The counter-flow assays are performed at 25 °C and repeated 
at least three times.

 5. For determination of Vmax and Km, the initial velocities are 
measured at 10-s time intervals with a concentration gradi-
ent of D-glucose, which consists of a mixture of isotope-
labeled and non-labeled (“cold”) D-glucose, in the outside 
buffer (see Fig. 4).

 6. The data are then fitted to the Michaelis–Menten equation 
using GraphPad Prism 5.0.

4 Notes

 1. It is more convenient to adjust the restriction enzyme (RE) 
cutting site and ideal tags in commercial vectors to unify the 
cloning system. Thus, we introduced the NdeI and XhoI site 

3.9 Counter-Flow 
Assay

Fig. 4 Detected kinetic parameters of GLUT1 and GLUT3 by in vitro proteoliposome- 
based assay. Km and Vmax values of these GLUTs were detected with the described 
protocol. Different concentrations of unlabeled glucose (“cold”) were added in the 
reaction buffer. Samples were taken each 10 s to monitor the V0 of GLUTs. Data 
points were done in triplicates. Error bars represent standard deviations

Structural Determination of GLUT1 and GLUT3
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to MCS of the pFastBac vector (digested with EcoRI and 
Sal I), mediated by EcoRI and Sal I (block original XhoI). For 
N-tag vector, 10× His-tag was added just before the NdeI cut-
ting site with linker and a protease-cutting site (GS-10× His-
SGDEVDA). For C-tag, 10× His-tag was added after XhoI 
cutting site followed with a stop codon. The recombinant 
plasmid is shown in Figure for a direct overview.

 2. Complementary oligonucleotides containing the desired 
mutation are synthesized, flanked by 15 nt unmodified nucle-
otide sequence. 200–300 ng modified pFastBac-GLUT1 or 
GLUT3 is used as a template. Run the 50 μL PCR reaction for 
30 cycles and use a 4-min extension. Generally, a higher 
annealing temperature (like 58 °C) gives a better result. Purify 
the PCR product using a kit. Add 1 μL of the DpnI restriction 
enzyme to 50 μL purified product with Cutsmart buffer, mix 
gently, and then incubate the reaction at 37 °C for 3–4 h to 
digest the methylated parental plasmids. The Dpn1-treated 
DNA (10 μL/reaction) is then directly used for transforma-
tion into separate aliquots of the DH5α E. coli competent 
cells.

 3. It is necessary to double check the recombinant bacmid gener-
ated in the DH10Bac E. coli using PCR analysis. It happens 
that white clones are false positive. The correct size of the 
PCR product should be ~2300 bp plus the size of the GLUT1 
or GLUT3 for the bacmid transposed with our modified 
pFastBac. Moreover, the pair of primers for the target insert is 
not recommended for PCR analysis for the DH10Bac cell 
containing the recombinant plasmid pFastBac-GLUT1 or 
-GLUT3.

 4. We recommend using Sf-9 cells for generating virus for the 
expression of GLUTs. Other cells may have less efficient trans-
fection based on our experience. However, once the baculovi-
rus stock is generated, Sf-9, High Five™, or Mimic™ Sf-9 cells 
can be used for expression trials.

 5. The viral stocks are stored in aliquots at −80 °C for later re-
amplification. Repeated freeze and thaw of the viral stock will 
result in dramatically decreased virus titer. Routinely used viral 
stocks should be stored at 4 °C, away from light.

 6. The optimal time of protein expression is between 48 and 
72 h. The cell morphology and density should be monitored 
to confirm the progress of infection.

 7. The detergent used for GLUT3 is 0.05 % w/v DDM in the 
wash and the eluting buffer is replaced with 0.06 % w/v 
6-cyclohexyl-1-hexyl-b-D-maltoside (CYMAL-6).

 8. For crystallizing the GLUT3 in complex with D-glucose or 
 maltose, 50 mM D-glucose or maltose is added throughout 

Dong Deng and Nieng Yan
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the purification procedure. Concentrated GLUT3 protein is 
applied to HiTrap Desalting 5 mL in the 25 mM MES pH 6.0, 
150 mM NaCl, 0.06 % w/v CYMAL-6 plus 50 mM D-glucose, 
or maltose.

 9. Extended information about the data collection and structure 
determination can be found in refs [7, 8].
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Chapter 3

Screening and Scale-Up of GLUT Transporter Constructs 
Suitable for Biochemical and Structural Studies

Grégory Verdon*, Hae Joo Kang*, and David Drew

Abstract

Identifying membrane proteins that can be produced and isolated in homogenous form in detergent is a 
lengthy trial-and-error process that can be facilitated by fluorescence-based screening approaches. We 
describe (1) the strategy and protocol of cloning by homologous recombination, (2) whole-cell and in-gel 
fluorescence measurements to estimate GLUT-GFP fusion protein yields, (3) use of size-exclusion 
chromatography monitored by fluorescence (FSEC) for assessing the homogeneity of the GLUT-GFP 
fusion proteins, and (4) the protocol for large-scale production and purification of the Bos taurus 
GLUT5 construct that enabled its crystal structure determination.

Key words Saccharomyces cerevisiae, GLUT, GLUT5, Glucose transporters, GFP, Purification

1 Introduction

We have previously reported a protocol to screen eukaryotic mem-
brane proteins for expression in yeast Saccharomyces cerevisiae and 
isolation in various detergents [1, 2]. With time and consumable 
costs similar to those associated with the use of E. coli, and the pos-
sibility to clone into standard vectors by homologous recombina-
tion, S. cerevisiae represents an efficient and cheap production host 
when compared to insect and mammalian cell lines. Although it was 
thought that hyper-mannose glycosylation would be a significant 
issue for the heterologous proteins, we have not encountered any 
problem for the large number of polytopic membrane proteins that 
we have screened so far in this host [2]; we suspect that this is more 
likely to be a concern for secreted soluble proteins.

GLUTs are major facilitator superfamily (MFS) transporters 
that are made up of two 6-transmembrane bundles that are con-
nected by a large cytosolic loop [3]. Here, we describe in details 
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the practical steps that constitute our S. cerevisiae GFP-based 
pipeline [1, 4, 5], with results from our screen for expression and 
purification of glucose (GLUT) transporter constructs, with an 
emphasis on the bovine fructose transporter GLUT5, for which we 
have solved a crystal structure in apo inward-facing conformation 
[6]. Although bovine GLUT5 is stable in detergent it is a very 
poorly expressing membrane protein, producing ~0.3 mg per L 
cell culture. Thus, the overexpression and purification protocol 
outlined herein is ideal for maximizing yields and purity of mem-
brane proteins where the expression levels are particularly low.

2 Materials

 1. Expression vectors such as 2 μ GFP-fusion vector pDDGFP-2.
 2. Materials for yeast transformation (see Note 1).
 3. PCR reagents.
 4. SmaI restriction enzyme.
 5. Growth medium without uracil (−URA medium), for 1 L: 

6.7 g Yeast nitrogen base without amino acids, 2 g yeast syn-
thetic dropout medium supplement without uracil, and either 
2 % w/v glucose (for pre-culture) or 0.1 % w/v glucose (for 
expression culture). For plates add 20 g of bacto agar.

 6. 20 % w/v Galactose.
 7. Yeast suspension buffer (YSB): 50 mM Tris–HCl pH 7.6, 

5 mM EDTA, 10 % v/v glycerol, 1× complete protease inhibi-
tor cocktail tablets.

 8. 96-Well black optical-bottom plates.
 9. Microplate spectrofluorometer such as SpectraMax M2e 

microplate reader (Molecular Devices).
 10. Glass beads: 500 μm diameter. Acid-washed.
 11. Heavy-duty mixer-mill disruptor such as TissueLyser mixer.
 12. Benchtop ultracentrifuge.
 13. 1.5 mL Polyallomer microcentrifuge tubes.
 14. Sample buffer (SB) for in-gel fluorescence: 50 mM Tris–HCl 

pH 7.6, 5 % v/v glycerol, 5 mM EDTA (pH 8.0), 4 % w/v 
SDS, 50 mM DTT, 0.02 % v/v bromophenol blue.

 15. Tris-glycine SDS-PAGE gels.
 16. Fluorescent protein standard.
 17. Pre-stained protein standard.
 18. LAS-1000-3000 charge-coupled device (CCD) imaging sys-

tem (Fujifilm).
 19. Coomassie brilliant blue R-250.
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 20. Cell resuspension buffer (CRB): 50 mM Tris–HCl pH 7.6, 
1 mM EDTA, 0.6 M sorbitol.

 21. Constant Systems TS series cell disruptor (Constant Systems).
 22. Membrane resuspension buffer (MRB): 20 mM Tris–HCl 

pH 7.6, 0.3 M sucrose, 0.1 mM CaCl2
 23. Bicinchoninic acid (BCA) protein assay kit.
 24. Phosphate-buffered saline (PBS), for 1 L: 1.44 g 

Na2HPO4·2H2O (8.1 mM phosphate), 0.25 g KH2HPO4 
(1.9 mM phosphate), 8 g NaCl, 0.2 g KCl, adjust pH to 7.4 
using 1 M NaOH or HCl.

 25. Detergents: Lauryl maltose neopentyl glycol (LMNG); N,N- 
dimethyldodecylamine- N-oxide (LDAO); n-Dodecyl- β-D- 
maltopyranoside (DDM), n-undecyl-β-D-maltopyranoside 
(UDM).

 26. Cholesteryl hemisuccinate Tris salt (CHS).
 27. Superose 6 10/300 or Superdex 200 10/300 gel filtration 

column (GE Healthcare).
 28. ÄKTA FPLC system with fraction collector (GE Healthcare), 

or HPLC system with fluorescence in-line detector such as 
Prominence HPLC (Shimadzu).

 29. 50 mL Aerated capped tubes.
 30. Centrifuges Beckman (for harvesting cultures, ultracentrifuga-

tion) BioRad columns.
 31. Purified GFP standard.

3 Methods

 1. We used disorder prediction servers such as RONN (https://
www.strubi.ox.ac.uk/RONN) to identify human GLUTs and 
orthologous transporters from mammals that show the least 
predicted disorder, in particular in their cytoplasmic loop 
region.

 2. We used synthetic genes encoding for the GLUT transporter 
orthologous that are predicted to show the least fraction of 
disorder. Alternatively, or in addition, consider making short 
N- and C-terminal truncation mutants, especially if a particular 
GLUT transporter of interest is from a specific organism that 
contains a significant disorder in the terminal region(s). To 
reduce potential heterogeneity, predicted and known glycosyl-
ation sites can also be removed by introducing a point 
mutation(s) (e.g., N to A in rat GLUT5, N to Y in bovine 
GLUT5).

 3. Amplify the GLUT gene of interest with primers that contain 
approximately 35 bp complementary 5′ and 3′ overhangs to a 

3.1 Target Selection 
and Cloning 
by Homologous 
Recombination

Production and Purification of GLUTs
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SmaI-linearized 2 μ GFP-fusion vector (see Fig. 1); alterna-
tively, the overhangs can be added during the gene synthesis to 
bypass this step.

 4. Transform 100 μL of S. cerevisiae competent cells with 
750 ng of the gene of interest and 75 ng of linearized vector 
(see Note 1).

 5. Spread transformed cells onto an agar plate of the appropriate 
selection media (i.e., without uracil; –URA medium). Place 
parafilm around each plate, and incubate at 30 °C for 2 days.

See Fig. 2 for an overview of the screening process starting from 
cloned genes into S. cerevisiae.

 1. Pick a colony for each construct and inoculate in a 5 mL –
URA medium supplemented with 2 % w/v glucose. Because 
colonies can be of different sizes and the cells can grow slowly, 
to ensure saturation of cultures, inoculation in the morning is 
recommended. Incubate the cultures in an orbital shaker at 
280 rpm and 30 °C overnight (see Note 2).

3.2 Small-Scale 
Isolation of Crude 
Membranes and in-Gel 
Fluorescence

Fig. 1 Cloning of GLUTs. (a) GLUT genes were cloned into a vector pDDGFP-2 by homologous recombination. 
Genes were amplified using primers containing recombination site overhangs (shown in red and blue bars in 
the diagram) and transformed with SmaI-linearized vector into S. cerevisiae competent cells. The transfor-
mants were grown in -URA medium and induced with galactose. (b) Cloning site used in 2 μ GFP-fusion vector 
pDDGFP-2. TEV, tobacco etch virus; yEGFP, yeast-enhanced green fluorescent protein. The figure is reproduced 
with permission from ref. [1]

Grégory Verdon et al.
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 2. Spot 10 μL or more from each of the overnight cultures onto 
a fresh –URA plate. After drying the spots at room tempera-
ture, transfer the plates to a 30 °C incubator and grow for 
1–2 days. The plates can be stored at 4 °C and can be used to 
inoculate cultures (see Note 3).

 3. Dilute the overnight culture from step 1 to OD600 0.12 in a 
50 mL aerated tube containing 10 mL –URA medium plus 
0.1 % w/v glucose. This can be done in duplicates to take into 
account of any irregularities during growth.

Fig. 2 Flowchart of screening process for the overexpression and monodispersity of GLUT-GFP fusion 
membrane proteins in S. cerevisiae. The figure is reproduced with permission from ref. [1]

Production and Purification of GLUTs
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 4. Incubate the cultures in an orbital shaker at 30 °C and 
280 rpm. At OD600 0.6 and after approximately 7 h, induce 
production of membrane protein–GFP fusion by adding 20 % 
w/v galactose to the final concentration of 2 %.

 5. After 22 h of induction, centrifuge the cells at 3,000 × g for 
5 min, remove the supernatant, and resuspend the cell pellets 
in 200 μL of YSB.

 6. Transfer 200 μL of the cell suspension to a black 96-well opti-
cal bottom plate. Measure the GFP fluorescence emission at 
512 nm by excitation at 488 nm in a microplate spectrofluo-
rometer with a bottom-read option.

 7. Transfer the cell suspension from the 96-well plate into a 
1.5 mL capped tube. To the cell suspension, add glass beads to 
a final volume of 500 μL and additional 500 μL of YSB.

 8. Using a mixer-mill disruptor set at 30 Hz for 7 min at 4 °C 
break the yeast cells. Vortex can also be used instead, but using 
a heavy-duty disruptor is highly recommended in order to 
achieve more efficient and reproducible cell breakage.

 9. Remove unbroken cells and debris by centrifuging at 
22,000 × g in a benchtop centrifuge for 5 s at 4 °C. Transfer 
the supernatant into a new tube.

 10. Repeat steps 8 and 9 by adding 500 μL YSB to the mixture of 
unbroken cell pellet and glass beads. Combine the supernatant 
with that from step 9.

 11. Crude membrane can be pelleted by centrifuging the 1 mL 
supernatant from step 10 at 20,000 × g in a benchtop centri-
fuge at 4 °C for 1 h. Ultracentrifugation is not necessary, as 
the crude membrane pellet from a benchtop centrifuge is suf-
ficient for this analysis.

 12. Remove the supernatant and resuspend crude membranes in 
50 μL of YSB. Transfer 15 μL into a tube containing 15 μL SB 
and load 10 μL per well for SDS-PAGE in-gel fluorescence. 
Including both nonfluorescent and fluorescent protein 
 standards is recommended. The SB composition works well 
with standard SDS denaturing gels for in-gel fluorescence (see 
Note 4).

 13. After running the gel, rinse the gel with deionized H2O and 
detect the fluorescent bands with a CCD camera-based sys-
tem. Expose the gel to blue light source set at 460 nm with a 
cutoff filter of 515 nm and capture the images.

 14. Analyze the gel images and compare the size of the bands to 
the protein standards. If two closely spaced bands are present, 
this could be due to the GLUT protein being glycosylated (see 
Note 5).

 15. Stain the gel with Coomassie Brilliant Blue and transfer to 
destain.
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 1. Select GLUT homologues based on the in-gel fluorescence 
results from step 14 in Subheading 3.2 (see Note 6). Inoculate 
10 mL –URA medium containing 2 % w/v glucose with the 
spotted yeast culture from step 2 in Subheading 3.2 and incu-
bate overnight in an orbital shaker at 280 rpm and 30 °C.

 2. Use the overnight culture to inoculate a 500 mL shake flask 
containing 150 mL –URA medium supplemented with 2 % 
w/v glucose. Incubate the culture overnight in an orbital 
shaker at 280 rpm, 30 °C.

 3. In the following morning, dilute the 150 mL overnight cul-
ture to OD600 0.12 in 1 L –URA medium containing 0.1 % 
w/v glucose in a 2.5 L baffled shake flask. Incubate the culture 
in an orbital shaker at 280 rpm, 30 °C. At OD600 0.6 induce 
production of membrane protein–GFP fusion by adding 20 % 
w/v galactose to the final concentration of 2 % (see Note 7).

 4. Harvest the cells after 22 h by centrifugation at 4,000 × g in 
4 °C for 10 min. Decant the supernatant and resuspend the 
cell pellet in 25 mL CRB per liter of cell culture. Transfer 
100 μL of the cell suspension into a 96-well plate and measure 
GFP fluorescence as outlined in step 7 in Subheading 3.2.

 5. Disrupt the cells with a cell disruptor at 4–15 °C. Typically, 
four passes at incremental pressures of 25, 30, 32, and 35 kpsi 
(approximately 1.7–2.4 × 103 atm) are required to ensure effi-
cient breakage.

 6. Remove the unbroken cells and debris by centrifugation at 
10,000 × g at 4 °C for 10 min and collect the supernatant 
containing the crude membranes. Transfer 100 μL of superna-
tant to a 96-well plate and measure GFP fluorescence as out-
lined in step 7 in Subheading 3.2. Calculate the yeast cell 
breakage efficiency by comparing the GFP fluorescence to that 
measured in step 4 in Subheading 3.3 (see Note 8).

 7. To collect the membranes, centrifuge the cleared supernatant 
at 150,000 × g at 4 °C for 120 min. Discard the supernatant 
and resuspend the pellet to a final volume of 6 mL MRB per L 
of cell culture using a disposable 10 mL syringe with a 
21-gauge needle. Transfer 100 μL membrane suspension to a 
96-well plate and measure GFP fluorescence. Calculate the 
amount of total protein using the BCA protein assay kit fol-
lowing the manufacturer’s instructions.

 8. Adjust the volume of the membrane suspension with PBS to 
achieve a protein concentration of 3.5 mg/mL. Transfer 
900 μL aliquots of this membrane suspension into 1.5 mL 
microcentrifuge tubes.

 9. Add 100 μL freshly prepared 10 % w/v detergent stocks of 
LMNG, DDM, DM, NM, or LDAO to the tubes containing 

3.3 Medium-Scale 
Isolation 
of Membranes and 
Size-Exclusion 
Chromatography 
Monitored 
by Fluorescence 
(FSEC)
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900 μL membrane suspension, resulting in final concentra-
tions of 1 % w/v detergent and 3.2 mg/mL protein. Incubate 
the mixtures at 4 °C for 1 h with gentle agitation (see Note 9).

 10. Transfer 100 μL of the detergent-solubilized membrane pro-
tein solution into 96-well plate and measure GFP fluorescence 
as outlined in step 7 in Subheading 3.2. To remove insoluble 
material, centrifuge the remaining 900 μL in a benchtop ultra-
centrifuge at 100,000 × g in 4 °C for 45 min.

 11. Transfer the clarified supernatant to a new 1.5 mL tube. 
Transfer 100 μL to a 96-well plate and measure the GFP 
fluorescence as outlined in step 7 in Subheading 3.2. 
Calculate the detergent solubilization efficiency by compar-
ing the GFP fluorescence measurement with that in step 7 
in Subheading 3.3.

 12. For FSEC, inject 0.5 mL of the detergent-solubilized sample 
onto a gel filtration column equilibrated in 20 mM Tris–HCl 
pH 7.5, 0.15 M NaCl, and 0.03 % DDM. If the system is 
equipped with an in-line fluorescence detector, the fluores-
cence can be measured directly. Alternatively, after elution of 
the first 6 mL, collect 0.2 mL fractions row by row into a 
96-well plate and measure GFP fluorescence using the plate 
reader. Plot the GFP fluorescence in each well against the frac-
tion number. Use the FSEC traces to compare monodispersi-
ties of GLUT homologues in different detergents. As shown 
in Fig. 3, GLUT #1 (bovine GLUT5) was selected as it has the 
best FSEC profile despite the poorest expression levels.

Large-scale production, typically, 36 flasks of 1 L each, total 
of ~40 L:

 1. Inoculate 50 mL –URA medium containing 2 % w/v glucose 
with the spotted yeast culture from step 2 in Subheading 3.3 
and incubate all day in an orbital shaker at 280 rpm, 30 °C. If 
fresh spot is not available, scrap some of the frozen glycerol 
stock into 10 mL –URA medium containing 2 % w/v glucose 
and grow for ~7–8 h at 30 °C with shaking at 280 rpm before 
spotting 50 μL aliquots on a 2 % w/v agar plate and incubate 
for ~2 days at 30 °C.

 2. Add 50 mL pre-culture to 1 L of –URA medium containing 
2 % w/v glucose and grow overnight at 30 °C with shaking at 
250 rpm (prepare 2 × 1 L for 40 L culture).

 3. Next morning, back dilute to OD600 = 0.12 in –URA media in 
36 flasks containing 2 % w/v glucose and grow at 30 °C with 
shaking at 250 rpm (see Note 10).

 4. When the OD600 reaches ~0.7–0.75 (check several flasks), add 
the inducer galactose at a final concentration of ~2.0 % (i.e., 
add 100 mL/L of culture of a 22 % w/v galactose solution in 

3.4 Large-Scale 
Production 
and Purification 
of Bovine GLUT5 
for Structure 
Determination
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-URA medium with 0.1 % w/v glucose). Grow at 30 °C with 
shaking at 250 rpm for 22–24 h.

 5. Next day, harvest the cell culture by centrifugation for 10 min 
at 1,000 × g. The typical yield is ~6–8 g of wet cells per L of 
culture in 2 L baffled flasks.

 1. Add the frozen cell pellet to CRB buffer at room temperature 
using ~25 mL per L of culture in a large beaker of adequate 
size and place the beaker in wet ice.

 2. Load cell solution into disruptor through sieve and process 
solution at 35,000 psi. Let outflow pour over the frozen cell 
pellet in a beaker to help thawing. Perform 4–8 disruption 
cycles and avoid foaming by letting outflow drip onto the bea-
ker wall.

 3. Centrifuge the cell lysate for 20–30 min at low speed of 
~1,000 × g at 4 °C to pellet unbroken cells and large cellular 
debris.

 4. Centrifuge the supernatant from low-speed centrifugation run 
for 2 h at 41,000 × g using an ultracentrifuge at 4 °C. Discard 
supernatant, pool membrane pellets, resuspend in 9 mL MRB 
buffer/L of culture, and freeze in liquid nitrogen for storage at 
−80 °C (see Note 11).

3.5 Cell Lysis 
and Membrane 
Isolation for Large 
Scale

Fig. 3 Example of screening results from three mammalian GLUT homologues. (a) Whole-cell fluorescence was 
measured in relative fluorescence unit (RFU). (b) Crude membranes were prepared and analyzed in-gel fluo-
rescence. (c) Monodispersity of GLUT-GFP fusions in DDM was examined by fluorescence size-exclusion chro-
matography (FSEC). GLUT #1 showed a relatively poor expression level, but its monodispersity was slightly 
better than GLUT #2 whose expression level was much higher. Only GLUT #1, bovine GLUT5, could be used for 
successful large-scale purifications and crystallizations

Production and Purification of GLUTs
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See Fig. 4 for an overview of the large-scale purification process of 
bovine GLUT5

 1. Place membranes in beaker; add ice-cold solubilization buffer 
containing 1× PBS, 150 mM NaCl, and 10 % v/v glycerol to 
a final volume of ~400 mL; and add 2 % w/v DDM (final) (see 
Note 12).

 2. Stir solubilization solution gently for 2 h and then centrifuge 
at 41,000 × g for 1 h at 4 °C.

 3. Retrieve the supernatant in an ice-cold glass beaker and add 
Ni-NTA agarose, equilibrated in water, as slurry using 30 mL 
of resin and imidazole to a final concentration of 55 mM.

 4. Incubate for 2 h while stirring at 4 °C, pour the slurry into a 
gravitational drip column, and collect flow through.

 5. Wash the Ni-NTA agarose beads with 20 column volumes 
(CVs) of 1× PBS, 150 mM NaCl, 10 % v/v glycerol, 0.05 % 
w/v DDM, and 55 mM imidazole, pH 7.3.

3.6 Purification 
for Large Scale

Fig. 4 Flowchart of the purification process for GLUT5-GFP fusions. The figure is reproduced with permission 
from ref. [1]
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 6. Elute with ~4 CVs of 1× PBS, 150 mM NaCl, 10 % v/v glyc-
erol, 0.05 % w/v DDM, 250 mM, and imidazole, pH 7.3, and 
load only half of the CV at a time onto the column.

 7. Calculate the amount of GFP using the fluorescence yield 
from the purified GFP standard as reference, add an equal 
amount of TEV–His6 protease to the eluate, transfer the solu-
tion into dialysis tubing (molecular cutoff ~3000 kDa), and 
incubate overnight with very slow stirring in 2 L of 20 mM 
Tris–HCl, pH 7.5, 150 mM NaCl, 10 % v/v glycerol, and 
0.05 % w/v DDM.

 8. Use 4× CVs of dialysis buffer to equilibrate the previously 
used Ni-NTA column, add TEV-digested material to column, 
and collect flow through. Wash column with 3× CVs of dialy-
sis buffer and collect flow through.

 9. Concentrate flow through-containing protein using 100 K 
Millipore Amicon Ultra 15 mL concentrators to 2 mL.

 10. Load the sample onto a Ni-NTA agarose medium gravitational 
drip column using 1–2 mL of Ni-NTA resin equilibrated in 
dialysis buffer and collect flow through. Wash column with 3× 
CVs of dialysis buffer and collect flow through.

 11. Concentrate flow through using 100 K Millipore Amicon 
Ultra 4 mL concentrators.

 12. Split sample into 2–3 injections on Superdex 200 10/300 col-
umn in buffer containing 10 mM Tris–HCl pH 7.5, 150 mM 
NaCl, and 0.09 % UDM.

 13. Store peak fractions at 4 °C overnight for next day concentra-
tion and crystallization experiment setup.

4 Notes

 1. Apply general protocol for yeast transformation and prepara-
tion of competent cells [1].

 2. One can pick 2–3 colonies from each construct and proceed to 
check if there are any variable levels of expression among dif-
ferent colonies.

 3. The plates can be stored for up to several weeks. However, this 
can result in reduced expression at times, as cells on the plates 
get older. Please rejuvenate the yeast spot for large-scale cul-
turing as outlined in Subheading 3.4.

 4. We have also tested pre-cast Criterion (Bio-Rad) and Tris–gly-
cine gels with equal success. We have found that the NuPAGE 
gels (Thermo Fisher Scientific) are not compatible with in-gel 
fluorescence.

Production and Purification of GLUTs
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 5. For bovine GLUT5, we substituted the N-linked glycosyl-
ation site Asn51 with an alanine. However, it is also known 
that GLUT1 produced in S. cerevisiae is not glycosylated [7].

 6. S. cerevisiae has endogenous fluorescent protein of ~100 kDa 
in size, which can be used to confirm that equal amounts of 
material were loaded between samples [1].

 7. Selection by in-gel fluorescence is only to confirm that the 
full-length protein is expressed, which is required. Degradation 
of the protein can still lead to “free” GFP, but the fusion part-
ner is very stable and quite resistant to proteolysis. Further, do 
not select clones based on the intensity of the in-gel fluores-
cent band alone. Detergent-solubilized stability based on 
FSEC is a more reliable parameter than expression levels and 
the two do not correlate [8]. Indeed, as shown in the screen-
ing of bovine GLUT5 in Fig. 3, the in-gel fluorescence band 
was the poorest, but gave the best FSEC profile, and this is the 
most important parameter for obtaining crystals. It is recom-
mended to dissolve 20 % w/v galactose solution in pre- 
sterilized –URA medium just before it is used for induction.

 8. Breakage efficiency should be greater than 80 %. If lower than 
this, consider diluting the sample in a larger CRB before 
breakage to improve efficiency or increase the number of 
passes up to 8 as outlined in Subheading 3.4.

 9. The addition of cholesterol hemisuccinate (CHS) to the deter-
gent mixture (at a final concentration of 0.2 %) can also be 
tested, as this can be essential for isolating monodisperse mam-
malian proteins such as the GLUTs.

 10. In our hands, the expression levels between growth of cultures 
in shaker flasks or 15 or 50 L fermenters are often similar [1] 
and the decision between the two is mainly based on which is 
the most convenient for the setup currently used in your 
laboratory.

 11. Alternatively, membranes can be frozen as a pellet and resus-
pended as outlined in Subheading 3.6.

 12. The detergent solubilization efficiency decreases with increas-
ing amounts of total membranes. The recommended dilution 
is to reach a final total protein concentration of 3.5 mg/mL in 
1 % w/v DDM. For 12 L of yeast culture, the final amount of 
total membranes in 400 mL in ~3.5 mg/mL. For 24 L, we 
typically keep the final volume the same to fit one Ti45 rotor, 
but increase the final detergent concentration to 2 % w/v 
DDM. Using GFP fluorescence the amount of dilution 
required can be adjusted on a case-by-case basis to maximize 
solubilization efficiency with the least amount of DDM 
required; that is, it is possible to still have high solubilization 
efficiency of your target in total final protein concentration of 
~7 mg/mL.
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Chapter 4   

GLUT Characterization Using Frog Xenopus laevis Oocytes             

Wentong Long, Debbie O’Neill, and Chris I. Cheeseman

Abstract

Xenopus laevis oocytes are a useful heterologous expression system for expressing glucose transporters 
(GLUTs) and examining their functions. In this chapter, we provide a detailed protocol on oocyte extrac-
tion and preparation for GLUT9 protein expression. Furthermore, we describe the determination of 
GLUT9 overexpression level by biotinylation and Western blotting analysis. Finally, we also describe 
how GLUT9-expressing oocytes can be used to measure urate kinetics by radioisotopes as well as two- 
microelectrode voltage clamping techniques.

Key words Xenopus laevis oocytes, Glucose transporter (GLUT), GLUT9, Isotope flux, 
Electrophysiology, Biotinylation

1 Introduction

Xenopus laevis oocytes are a heterologous expression system that 
can be used for expressing glucose transporters (GLUTs) as well as 
investigating their functions. With very low endogenous GLUT 
expression, oocytes are suitable for radiolabeled hexoses kinetics 
studies when they are overexpressing GLUTs [1]. Therefore, 
GLUT-expressing oocytes have been commonly used for isotope 
sugar uptake or efflux studies to examine the structure-function 
relationships of GLUTs [2–4]. For instance, investigators have 
extensively used oocytes to try to reveal the glucose-binding site in 
GLUTs [5–9]. In addition, the large size of these oocytes makes 
them appropriate for electrophysiology experiments. One example 
is glucose transporter 9 (GLUT9) [10, 11], an electrogenic trans-
porter that can transport both hexoses and the organic anion urate, 
allowing for the examination of the structure-function relationship 
of GLUTs through not only isotope flux measurements but also 
two microelectrode voltage clamp methods. Hence, in this chap-
ter, we provide details on how to extract X. laevis oocytes to 
 overexpress GLUT protein. We also document how to determine 
the membrane-overexpressing GLUT9 protein expression levels 
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by biotinylation and Western blotting. Lastly, we demonstrate the 
methods of applying GLUT9-expressing oocytes to measure urate 
kinetics by both radioisotopes and two-microelectrode voltage 
clamping techniques [10, 12, 13, 14].

2 Materials

 1. Euthanasia solution: 0.3 % w/v Tricaine methane sulfonate, 
pH 7.4. Prepare 4 L in a bucket.

 2. A dissecting tray.
 3. A 100 mm petri dish.
 4. A plastic Pasteur pipette.
 5. 8 mL Glass vials.
 6. An orbital shaker.
 7. Two forceps.
 8. A dissecting microscope.
 9. A micro-injector.
 10. 70 % v/v Ethanol.
 11. Modified Barth’s medium (MBM): 88 mM NaCl, 1 mM KCl, 

0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 
2.4 mM NaHCO3, 10 mM Hepes, 2.5 mM sodium pyruvate, 
0.1 mg/mL penicillin, 0.05 mg/mL gentamycin sulfate, 
pH 7.5.

 12. Collagenase solution: 2 mg/mL Type I Collagenase in MBM.
 13. Phosphate buffer: 100 mM K2HPO4 in ddH2O.

 1. NheI enzyme kit.
 2. T7 polymerase mMESSAGE mMACHINE® kit (Ambion).

 1. Transfer pipette
 2. Microcentrifuge tubes
 3. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.78 mM 

KCl, 4.3 mM Na2HPO4 (dibasic), 1.5 mM KH2PO4 (monoba-
sic), pH 7.4.

 4. Biotinylation solution: 2 mM Sulfo-NHS-LC-Biotin (Pierce) 
in PBS.

 5. Quenching buffer: 192 mM Glycine and 25 mM Tris–HCl in 
PBS, pH 7.4.

 6. RIPA buffer: 150 mM NaCl, 1 % v/v Triton X-100, 1 % w/v 
deoxycholic acid, 0.1 % w/v SDS, 1 mM EDTA, 10 mM Tris–
HCl, pH 7.5.

 7. Streptavidin agarose beads.

2.1 Preparation 
for Xenopus laevis 
Oocyte Harvest 
and mRNA Injection

2.2 GLUT Protein 
mRNA Preparation

2.3 Preparation 
for Determination 
of GLUT Protein 
Surface Expression 
Levels
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 8. Benchtop centrifuge.
 9. 2× SDS-page loading sample buffer.
 10. PBS-T: 0.05 % v/v Tween-20 in PBS, pH 7.4.
 11. Blocking buffer: 3 % w/v Skim milk powder in PBS-T.
 12. Electrophoresis chamber.
 13. 10 % SDS-page gel.
 14. Nitrocellulose membranes.
 15. Antibodies: Primary hSLC2A9 monoclonal antibody and sec-

ondary anti-rabbit secondary antibody.

 1. Pasteur pipettes.
 2. 12 × 75 mm Glass test tubes 5 mL.
 3. Scintillation vials with caps.
 4. An orbital shaker.
 5. A Beckman LS6500 liquid scintillation counter.
 6. Modified Barth’s medium (MBM): 88 mM NaCl, 1 mM KCl, 

0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 
2.4 mM NaHCO3, 10 mM Hepes, 2.5 mM sodium pyruvate, 
0.1 mg/mL penicillin, 0.05 mg/mL gentamycin sulfate, 
pH 7.5.

 7. Urate solutions: Prepare six different concentrations of urate 
ranging from 0.1 to 7.5 mM in MBM supplemented with 
250 μCi/mL 14C (a specific activity of 54 mCi/mmol) labelled 
urate.

 8. SDS solution: 5 % w/v SDS in ddH2O.

 1. Sodium-containing transport medium (STM): 100 mM NaCl, 
2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, 
pH 7.5. Adjust pH with Tris base.

 2. Urate solutions: Prepare eight urate concentrations in the 
range from 0.05 to 5 mM in STM.

 3. GeneClamp 500B (Molecular Devices Inc., Sunnyvale, CA, 
USA).

 4. Glass electrodes.
 5. Digidata 1320A converter and pClamp8 (Axon Instruments, 

Union City, CA).

3 Methods

 1. Two-year-old female Xenopus laevis frogs are removed from 
their vivarium holding tank and placed into a bucket contain-
ing 4 L of euthanasia solution.

2.4 Preparation 
for Functional Studies 
by Radiotracer Flux 
Measurements

2.5 Preparation 
for Two- 
Microelectrode 
Voltage Clamping

3.1 Xenopus laevis 
Oocyte Harvest 
and mRNA Injection

GLUT Characterization in Oocytes
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 2. After the frog is completely euthanasized, place it onto a dissect-
ing tray and wash the abdomen with 70 % v/v ethanol prior to 
removal of the egg sacs.

 3. Remove the egg sacs via a midline incision along the abdomen 
and place them into a 100 mm petri dish containing 19 °C MBM.

 4. Open the egg sacs using two forceps, and then break down the 
sacs into smaller bunches of oocytes (see Note 1). Place these 
bunches into 8 mL glass vials containing 5–6 mL of 19 °C 
MBM (see Note 2).

 5. Wash the oocytes three times with fresh MBM to discard bro-
ken and underdeveloped ones, and then remove most of the 
MBM via a plastic Pasteur pipette leaving just enough MBM to 
cover the oocytes.

 6. Treat the oocytes with 5 mL collagenase solution per vial (see 
Note 3). Cap the vials and tape them down on their sides and 
place on to an orbital shaker using standard laboratory labeling 
tape.

 7. Gently shake the oocytes for 90 min at medium speed on the 
orbital shaker. The oocytes should be moving freely when the 
vials are swirled after digestion.

 8. Decant the collagenase solution and rinse the oocytes six times 
with fresh MBM. This is best achieved by filling the vial to the 
brim with fresh MBM, then letting the oocytes settle to the 
bottom before decanting, and refilling with fresh MBM.

 9. After the final rinse, sort the oocytes in a 100 mm petri dish 
containing 19 °C MBM under a dissecting microscope. Only 
intact stage V and VI oocytes are retained and then placed in 
clean 8 mL glass vials (approximately 100 oocytes per vial) 
containing fresh MBM. Place the oocytes in the 19 °C refrig-
erator overnight.

 10. The following day, decant off the MBM and add 5–6 mL of 
100 mM phosphate buffer to each vial. Place the vials onto the 
orbital shaker with gentle shaking for 30–35 min to remove 
most of the follicular membranes from the oocytes.

 11. Decant off the phosphate buffer, and rinse the oocytes 7 × with 
fresh MBM. Place the vials back into the 19 °C fridge for 
15–20 min to allow the oocytes to firm up.

 12. Re-sort the oocytes under the dissecting microscope, and 
remove the remaining follicular membrane from each egg 
manually using forceps. Place the defolliculated oocytes into 
clean vials containing fresh MBM and put them back into the 
19 °C fridge overnight.

 13. The following day, re-sort oocytes into clean vials containing 
fresh MBM and keep only unmarked, intact, round, stage V 
and VI oocytes for subsequent mRNA injection.

Wentong Long et al.
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 14. Inject 10–20 nL (50 ng) mRNA or water (control) into the 
isolated oocytes. Then incubate the injected oocytes in fresh 
MBM for 3–5 days in 19 °C fridge.

 15. Oocytes are sorted each day with fresh changes of MBM.
 16. After 3–5 days of incubation, oocytes are ready for experimen-

tal assays.

 1. GLUT plasmids are constructed into an optimized pGEM-HE 
vector for protein overexpression in oocytes (see Note 4).

 2. Linearize 1 μg pGEMHE-GLUT plasmids by 1 unit NheI 
enzyme (see Note 5). For 100 μL reaction volume, add 10 μL 
of 10× buffer 2 from the restriction enzyme kit, 1 μL of NheI 
(1000 units), 20 μL of 50 ng/μL pGEMHE-GLUT plasmid, 
and 69 μL of nuclease-free water to a final volume of 100 μL.

 3. Incubate the reaction mixture at 37 °C for more than 1 h to 
allow complete linearization.

 4. Clean up linearized plasmids by phenol-chloroform purification.
 5. Dissolve extracted plasmids in 6.5 μL of nuclease-free water. 

The plasmids are now ready for transcription.
 6. Set up a 20 μL reaction by adding 6 μL plasmids, 10 μL NTP/

CAP from the mMessage mMACHINE kit, 2 μL 10× reaction 
buffer, and 2 μL enzyme mix. Incubate the reaction at 37 °C 
for 2 h.

 7. Extract GLUT-RNA by phenol-chloroform extraction.
 8. After extraction, dilute mRNA to desired concentration, and 

the mRNA is ready for injection.

 1. Transfer 20 GLUT protein-expressing oocytes from the incu-
bation vial to a well in a 12-well plate.

 2. Wash oocytes three times with PBS (pH 8.0) with gentle shak-
ing for 30 s.

 3. Gently remove the PBS from the last wash and incubate the 
oocytes with 1 mL 2 mM biotinylation solution in PBS 
(pH 9.0) at room temperature for 30 min with gentle shaking 
in the dark.

 4. Gently remove the biotin solution and stop the reaction by 
adding 1 mL of quenching buffer.

 5. With gentle shaking, wash the oocytes in quenching buffer for 
30 s.

 6. Remove quenching buffer and wash the oocytes three times 
with PBS (pH 7.4) with gentle shaking. From now on, all steps 
are performed on ice.

 7. In an icebox, transfer the oocytes to a prechilled 1.5 mL cen-
trifuge tube and gently remove all of the PBS solution.

3.2 GLUT Protein 
Transcription mRNA

3.3 Biotinylation 
and Western Blot 
Determination of GLUT 
Protein Surface Levels

GLUT Characterization in Oocytes
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 8. Lyse oocytes with RIPA buffer containing 100× dilution of 
protease inhibitor cocktail.

 9. Using a syringe fitted with a 25-gauge needle repeatedly draw 
up and then push out the oocytes to completely break them up 
and forming a cell lysate. Let the lysate sit on ice for 20 min in 
the dark.

 10. Spin the lysate at 1,000 × g at 4 °C.
 11. Transfer the lysate supernatant into a new 1.5 mL Eppendorf 

tube without disturbing the pellet and the top yolk layer.
 12. Repeat steps 9 and 10 three more times (or until the yolk layer 

is completely removed).
 13. After the last spin, transfer the cleared lysate to a new 1.5 mL 

Eppendorf tube and keep it on ice.
 14. Mix the lysate well with 100 μL of streptavidin agarose beads. 

Incubate the mixture on a tube rotator at 4 °C overnight.
 15. On the next day, centrifuge the beads with bound protein at 

1,000 × g and wash two times with protease-containing RIPA 
buffer.

 16. After the last wash, resuspend the biotinylated proteins using 
2× SDS loading sample buffer and incubate at room tempera-
ture for 20 min (see Note 6). Then, the proteins are subjected 
to SDS-PAGE and transferred to a nitrocellulose membrane 
for Western blotting.

 17. Block the membrane with blocking buffer for 1 h at room 
temperature.

 18. Probe the membrane with primary GLUT antibody overnight 
at 4 °C, gently on a shaker (see Note 7).

 19. Wash the membrane three times with blocking buffer. Then 
incubate the membrane with anti-rabbit secondary antibody.

 20. Wash the membrane three times with blocking buffer, then 
develop the membrane, and capture protein signals on a film 
or by using a densitometer (see Note 8).

 21. Relative protein levels on the film are determined by measur-
ing the band intensities using the software ImageJ or with the 
densitometer. For example, Fig. 1 shows published data with 
representative GLUT9 and its mutants’ total protein, unbound 
protein, and biotinylated protein [12].

All urate radiotracer kinetics flux studies are conducted at room 
temperature, 20–22 °C.

 1. Place 10–12 pre-sorted oocytes for each urate concentration 
(in a 12 × 75 mm glass test tube).

 2. Remove excess MBM from the oocytes with a plastic Pasteur 
pipette.

3.4 Functional 
Studies by Radiotracer 
Flux Measurements

Wentong Long et al.
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 3. Add 200 μL of each concentration urate solution containing 
250 μCi/mL 14C-labeled urate to the oocytes.

 4. Incubate oocytes on an orbital shaker with moderate shaking.
 5. Wash oocytes five times with ice-cold MBM to stop the uptake.
 6. Place individual oocytes in scintillation vials and add 200 μL of 

SDS solution to each vial.
 7. Place the vials on an orbital shaker with vigorous shaking for 

30 min for digestion (see Note 9).
 8. Add 4 mL of scintillation fluid to each vial.
 9. Cap the vials and mix by vortexing before placing the vials in 

the liquid scintillation counter for counting.
 10. Measure radioactivity using a liquid scintillation counter (see 

Note 10). Please see Fig. 2 as an example from our previously 
published data [12].

 1. Turn on GeneClamp 500B and Digidata 1320A converter. 
Then, turn on computer and open pClamp8 for data recording.

 2. Set up the chamber by connecting tubes from solutions to the 
solution switcher. Tubes that come out from the switcher are 
merged into a single tube, which is connected to one end of a 
perfusion chamber. Another tube coming out from the other 
end of the perfusion chamber is connected to a vacuum pump.

 3. Use a glass electrode puller to pull two electrodes, and then 
place one glass electrode in left headstage holder and another 
glass electrode on the right headstage.

 4. Place a GLUT-expressing oocyte in a STM buffer-filled 
chamber.

 5. Slowly move two electrodes toward the oocyte until both elec-
trodes are just above the oocyte membrane.

 6. Set membrane potential value to zero on GeneClamp 500B 
(or from your Clamplex program). With a gentle and fast 
motion, place two electrodes on the oocyte membrane and seal 

3.5 Two- 
Microelectrode 
Voltage Clamping

Fig. 1 A representative picture of Western blot analysis of protein expression of 
water-injected, hSLC2A9 WT, I335V, W110F, and W110A expressing oocytes. 
Adopted from ref. [12]

GLUT Characterization in Oocytes
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Fig. 2 14C Urate kinetic measurements in oocytes expressing hSLC2A9. (a) 
Michaelis-Menten curves of 14C urate kinetics of hSLC2A9 WT (filled circle) and 
its mutants I335V (open square), W110A (filled triangle), and W110F (open tri-
angle). Urate uptake was measured by incubating protein-expressing oocytes in 
200 μL urate solution ranging from 100 μM to 5 mM for 20 min. Uptake activity 
was corrected for nonspecific transport measured in control water-injected 
oocytes from the same batch of oocytes. (b) 14C urate kinetic constants of the 
three isoforms (n = 4) [12]

the openings of both electrodes (see Note 11). Run seal test, 
and it should appear as giga-Ω seal with resistance over 1 G 
omega for both electrodes.

 7. A membrane potential value (normally −50 mV to −60 mV) 
should appear on the GeneClamp 500B screen (see Note 12).

 8. Start recoding current and voltage using pClamp8 program 
with a GAP-free protocol.

 9. Open the perfusion switcher and vacuum for a constant perfu-
sion of STM (at a flow rate of 1 mL STM/2.5 min) over the 
oocyte (see Note 13).

 10. Once membrane potential reaches a stable state, turn clamping 
mode on to clamp the oocyte membrane at constant membrane 

Wentong Long et al.
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potential of −30 mV. Allow current reading to reach a stable 
state (see Note 14).

 11. Switch perfusion to 0.5 mM urate STM. Allow current reading 
to reach a stable state, and then wash the oocyte with fresh 
STM buffer. Allow current reading to reach a stable state (see 
Note 15).

 12. Repeat the same process (steps 10 and 11) for other concen-
trations of urate-containing STM.

 13. Urate kinetics curve is expressed as urate-induced mean peak 
current (see Note 16). Please see Fig. 3 as an example from our 
previous published data [12].

Fig. 3 Urate-induced currents in oocytes measured with two-microelectrode voltage clamp (TEVC). (a) Provides 
a representative trace from the GAP-free protocol of WT hSLC2A9-expressed oocytes. Single oocytes were 
clamped at −30 mV and super-perfused with different concentrations of urate for 30 s (range from 0.1 to 
5 mM) followed by a 1-min wash with urate-free buffer in between. (b) Michaelis-Menten curves of urate 
kinetics of hSLC2A9 WT (filled square) and its mutants I335V (open square), W110A (filled triangle), and W110F 
(open triangle). Data were collected at the peak of each urate-induced current. Points represent the mean of 
urate-induced peak outward current for each concentration. (c) 14C urate kinetic constants of the WT and 
mutant isoforms (n > 15 oocytes from 3 frogs) [12]

GLUT Characterization in Oocytes
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4 Notes

 1. Care must be taken to work quickly and not be overly aggres-
sive when breaking down the egg sacs into smaller bunches.

 2. The ratio of oocytes to media is also important; approximately 
2 mL of oocytes per vial with 5–6 mL of media is ideal.

 3. Overloading the oocytes in the vials will make it difficult to 
achieve good digestion with the collagenase.

 4. The pGEM-HE vector appears to work best for GLUT expres-
sion in oocytes.

 5. 1 μg of plasmid DNA is optimal for this current mRNA 
protocol.

 6. Do not heat/boil the GLUT protein after the addition of 
SDS-page loading buffer, just let them sit at room temperature 
for 15–20 min (do not exceed 30 min).

 7. GLUT proteins bind better to their primary antibodies at 
4 °C.

 8. It is a good idea to wash the membrane two additional times 
with PBS-T before developing the Western blot, as this will 
further reduce the background and increase the signal to 
noise ratio.

 9. Make sure that oocytes were lysed completely before radioac-
tivity measurements.

 10. All experiments are performed four to six times and the results 
are corrected for the flux values obtained with water-injected 
oocytes obtained from the same frog.

 11. Make sure that glass electrodes are just touching the oocyte 
membrane, but not penetrating into the cytoplasm of the oocyte.

 12. An outward current will appear on the computer screen and 
the current value will increase on the GeneClamp 500B screen 
with the application of urate-containing buffer.

 13. An inward current will appear on the computer screen and the 
current value will decrease on the GeneClamp 500B screen 
when switching from a urate-containing buffer to fresh STM 
buffer.

 14. Oocytes with low membrane potential (10–20 mV) might 
have non-stable base lines before urate treatment.

 15. Oocytes with high membrane potential (80–90 mV) might 
have smaller urate induced currents.

 16. Digidata 1320A converter and pClamp8 (Axon Instruments) 
were used for experiments and data analysis.

Wentong Long et al.
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Chapter 5

Glucose Uptake in Heterologous Expression Systems

Eunice E. Lee and Richard C. Wang

Abstract

Understanding the physiological regulation of glucose transport requires the analysis of transporters, like 
GLUT1, in diverse tissue types. We document the utility of viral vectors for the stable expression of wild-
type and modified GLUT1 transporter in different types of mammalian cells. Once expression of the alleles 
has been confirmed by Western blotting, the effect of specific mutations on the regulation of glucose 
transport can be measured through a previously described radiolabeled glucose transport assay. Although 
this discussion is focused on the GLUT1 transporter, these techniques are easily transferrable to other 
glucose transporters.

Key words Retroviral transduction, Glucose uptake, GLUT1, 2-Deoxyglucose, 2DG uptake, 
Radiolabeled glucose, Mammalian cells

1 Introduction

In most tissues, a family of integral membrane glucose transport 
proteins (GLUTs) catalyzes the facilitated diffusion of glucose across 
the cell membrane. The ubiquitously expressed GLUT1 was the first 
of 14 GLUT proteins to be identified [1] and has been studied 
extensively [2]. Despite this extensive characterization, the mecha-
nisms that regulate GLUT1-mediated glucose transport are still not 
completely understood [3]. Because the regulation of facilitative 
glucose transporters, including GLUT1, may be tissue specific, our 
understanding of transporter regulation and function has been 
advanced through the stable expression of wild-type and modified 
transporters in a variety of cell types cultured in vitro [4].

In this chapter, we describe methods that allow for the stable 
heterologous expression of wild-type and mutant GLUT1 in a 
variety of mammalian cell types to study the regulation of glucose 
transport. Included in this chapter are methods for generating 
and expressing wild-type and mutant Glut1 constructs that are 
expressed in target cells through retroviral transduction. 
Confirmation of Glut1 allele expression in transduced cells is 
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confirmed through Western blotting. Finally, we describe a pro-
tocol for the measurement of glucose uptake in this system using 
the radiolabeled glucose analog 2-deoxyglucose (2DG). Although 
the protocols and techniques in this chapter are optimized for 
GLUT1 in mammalian cell lines, they can be adapted for use in a 
diverse range of heterologous expression systems.

2 Materials

 1. DNA vectors: prGT3 vector with rat GLUT1 gene insert and 
pWZL Hygro empty vector backbone (Addgene).

 2. Restriction enzyme: EcoR1 restriction enzyme (New England 
Biolabs).

 3. QuikChange II XL Site-Directed Mutagenesis Kit (Agilent 
Technologies).

 4. Oligonucleotide primers: Sense and antisense for 
mutagenesis.

 5. PCR tubes: Thin-walled 0.2 mL.
 6. Selection plates; LB agar plates with ampicillin.
 7. Agarose gel electrophoresis system.
 8. NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel).

 1. Tissue culture dishes: 6 and 10 cm dishes suitable for cell culture.
 2. T-75 tissue culture flasks.
 3. 15 mL Polypropylene conical tubes.
 4. Mammalian cells: Lenti-X 293 T cells (Clontech) and Rat2 

cells (ATCC).
 5. Cell culture medium: Dulbecco’s modified Eagle’s medium 

(DMEM).
 6. Trypsin-EDTA solution (1X): 0.05 % w/v Trypsin, 0.02 % 

w/v EDTA.
 7. Phosphate-buffered saline (PBS) solution: 137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.
 8. Serum: Fetal bovine serum (FBS).
 9. Antibiotic-antimycotic solution: 100×, containing 

10,000 units/mL of penicillin, 10,000 μg/mL of streptomy-
cin, 25 μg/mL of Amphotericin B (Gibco).

 10. Transfection agent: Lipofectamine 3000 (ThermoFisher 
Scientific).

 11. Gag/pol packaging plasmid (Addgene).
 12. VSV-G envelope plasmid (Addgene).

2.1 Retroviral 
Construct Preparation

2.2 Retroviral 
Transduction

Eunice E. Lee and Richard C. Wang
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 13. Hexadimethrine bromide stock solution: 8 mg/mL in PBS.
 14. Hygromycin B solution: 50 mg/mL solution.
 15. 10 mL Syringes.
 16. 0.45 μm Syringe filters.

 1. Blotting membrane: Polyvinyl difluoride membranes (PVDF).
 2. Gels: Pre-cast 4–15 % 15-well protein gels (Bio-Rad).
 3. Extra thick blot filter paper.
 4. TBS-T buffer solution: Tris-buffered saline containing 0.05 % 

v/v Tween-20 (TBS-T).
 5. Blocking buffer: 5 % w/v nonfat dry milk diluted in TBS-T.
 6. Sample loading buffer: 2× Laemmli Sample Buffer.
 7. Primary antibodies: GLUT1 (Millipore 07-1401; 1:1000) and 

phosphoGLUT1 (Ser226) (Millipore ABN991; 1:200).
 8. Secondary antibody: Donkey anti-mouse IgG horseradish per-

oxidase conjugate.
 9. Phorbol 12-myristate 13-acetate (TPA, Cayman Chemical).
 10. SDS-PAGE running buffer: 10× Tris–glycine–SDS, diluted to 

1× in water (Bio-Rad).
 11. Tris–glycine transfer buffer: 10× Diluted to 1× in water 

(Bio-Rad).

 1. 12-Well cell culture plates.
 2. 2-Deoxyglucose (2DG) solution: 0.5 M 2DG dissolved in 

water.
 3. Radiolabeled glucose: 20–50 Ci/mmol [3H] 2-Deoxy-D-

glucose (Perkin Elmer).
 4. Glucose solution: 0.5 M D-glucose diluted in water.
 5. Cytochalasin B solution: 10 mg/mL Solution in dimethyl 

sulfoxide (DMSO).
 6. Krebs Ringer’s HEPES buffer with pyruvate (KRHP): 

136 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 1.25 mM 
MgSO4, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 % w/v 
BSA, pH 7.4.

 7. Albumin solution: 10 % w/v Bovine serum albumin (BSA).
 8. 500 mM Sodium hydroxide diluted in water.
 9. 500 mM Hydrochloric acid diluted in water.
 10. 5 mL Plastic scintillation vials.
 11. Commercial scintillation counting fluid.
 12. Liquid scintillation counter (Beckman Coulter).
 13. BCA Protein Assay Kit (ThermoFisher).

2.3 Western Blot 
Confirmation of GLUT1 
Expression

2.4 Measurement 
of Glucose Uptake 
Using Radiolabeled 
2-Deoxyglucose

GLUT1 Glucose Uptake
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3 Methods

 1. Design and synthesize two mutagenic primers for the desired 
mutation using the Web-based QuikChange Primer Design 
Program. Primers should be purified by polyacrylamide gel 
electrophoresis (PAGE) or fast polynucleotide liquid chroma-
tography (FPLC) (see Note 1). Reconstitute primers in sterile 
water to a final concentration of 100 ng/μL.

 2. In a thin-walled 0.2 mL tube, assemble the PCR reaction as 
follows:
5 μL 10× reaction buffer.
X μL (15 ng) DNA template (see Note 2).
1.25 μL (125 ng) primer #1.
1.25 μL (125 ng) primer #2.
1 μL of dNTP mix.
3 μL of QuikSolution.
Adjust with ddH2O to a final volume of 50 μL.
1 μL Pfu Ultra HF DNA polymerase (2.5 U/μL). Add this last.

 3. Perform PCR amplification with the following cycling condi-
tions: denaturation at 95 °C for 1 min, 18 cycles of 95 °C for 
50 s, 60 °C for 50 s, 68 °C for 1 min/kb of plasmid size, and 
extension at 68 °C for 7 min (see Note 3).

 4. Verify amplification by agarose gel electrophoresis using 8 μL 
of PCR product (see Note 4).

 5. Purify the remaining PCR product using a DNA purification 
column (e.g., the Macherey-Nagel NucleoSpin Gel and PCR 
Clean-up kit according to the manufacturer’s protocol.

 6. Add 1 μL of DpnI restriction enzyme to the purified PCR 
product. Incubate at 37 °C for 90 min.

 7. Transform the final reaction into XL10–Gold ultracompetent 
cells according to the manufacturer’s instructions.

 8. Subclone the mutated Glut alleles (e.g., R. norvegicus Glut on 
prGT3 vector) into the pWZL Hygro vector by standard 
restriction digestion cloning (see Note 5).

 9. Select clones from each transformation and sequence the 
entire insert to verify the presence of the desired mutation 
and confirm that other unwanted mutations have not been 
introduced (e.g., Genewiz).

Exercise due caution when handling and producing retroviruses. 
Refer to local and institutional biosafety guidelines of your institu-
tion for handling and waste decontamination. Perform all incuba-
tion steps at 37 °C in a humidified incubator with 5 % CO2.

3.1.1 Retroviral 
Construct Preparation: 
Mutagenesis 
and Subcloning

3.1 Retroviral 
Generation of Stable 
Cell Lines Expressing 
GLUT1

3.1.2 Retroviral 
Transduction
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 1. Day 0: Seed the Lenti-X 293 T packaging cells in 6 cm cell 
culture dishes at two different densities: 1.0 × 106 and 
1.25 × 106 cells/dish using 4 mL of antibiotic-free DMEM 
supplemented with 10 % FBS per dish (see Note 6). Optimal 
cell density for transfection is 40–60 %. Gently swirl the dish 
to mix. Place cells in the incubator for 12–16 h. Thaw target 
cells in complete media.

 2. Day 1: Check the density of the packaging cells. If cells have 
reached the desired density, transfect the cells with a mixture of 
transfer vector, gag/pol packaging plasmid, and VSV-G enve-
lope plasmid in a 4:3:1 ratio using Lipofectamine 3000 accord-
ing to the manufacturer’s instructions (see Note 7). Add the 
mixture dropwise onto the cells. Gently swirl and rock the dish 
to evenly distribute the transfection mixture and incubate 
overnight.

 3. Day 2: Carefully aspirate the medium on the packaging cells 
and add 4.2 mL of medium of the target cells (containing anti-
biotics and serum) 24 h after transfection. Seed the target cells 
on 100 mm cell culture dishes to target a density of 30–40 % 
at the time of infection. Seeding density may vary with the cell 
line. Include an extra dish of target cells to be used as a control 
for antibiotic selection (see Note 8).

 4. Day 3: Prepare the polybrene infection/transfection reagent 
stock at 8 mg/mL in PBS. Aliquot and store at 4 °C or −20 °C 
for long-term storage. Check the density of the target cells. If 
target cells have reached the desired density (40–50 % conflu-
ent), proceed with the first virus collection. Forty-eight hours 
after transfection, initiate the first infection by collecting 4 mL 
of viral supernatant from the packaging cells using a serologi-
cal pipet. Filter through a 0.45 μm syringe filter to remove any 
detached cells and collect the supernatant in a 15 mL conical 
tube (see Note 9). Add 4 mL of fresh medium to the packag-
ing cells. Add 4–8 μg/mL polybrene infection/transfection 
reagent and 2 mL of fresh target media to the filtered superna-
tant. Invert the tube to mix. Remove existing media from the 
target cells and infect with 6 mL of the virus containing super-
natant prepared earlier. Return all cells to the incubator.

 5. Day 4: In the morning, perform the second of three infections 
as outlined (see Day 3). In the late afternoon or evening, per-
form the last infection (see Day 3). Bleach and discard packag-
ing cells (see Note 10).

 6. Day 5: Remove the viral supernatant from the target cells and 
replace with virus-free medium without selection antibiotic 
24 h after the last infection.

 7. Day 6: Split infected target cells using high-dose selection 
medium containing 250 μg/mL hygromycin B or other 

GLUT1 Glucose Uptake
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appropriate selection antibiotic (see Note 11). Change 
medium on the uninfected control cells using the same high-
dose selection media.

 8. Day 7: Perform media changes on both uninfected and 
infected target cells using high-dose selection medium.

 9. Day 8–13: Replace medium with 150 μg/mL hygromycin B 
or appropriate selection antibiotic. Continue routine media 
changes and monitor control cells daily. Most uninfected con-
trol cells should be nonviable within 3 days after addition of 
hygromycin B. Complete selection of cells infected with 
vectors conferring antibiotic resistance should be complete in 
approximately 7 days. Different selection antibiotics require 
different time courses for selection. Expand cells and freeze 
early-passage cells for future culture (see Note 12).

After selection is complete, confirm transduction efficiency and 
GLUT1 expression levels before proceeding with uptake assays or 
other downstream experiments (see Note 13).

 1. Seed 2 wells each of parental and transduced cells in a 6-well 
plate (0.3 × 106 cells/well).

 2. When cells have reached confluence, wash cells once with PBS 
and replace the standard growth medium with serum-free 
medium supplemented with 0.1 % w/v BSA for 1 h.

 3. Treat one well of each cell type with 500 nM TPA diluted in 
DMSO. Add an equal volume of DMSO to the untreated cells 
as a vehicle control.

 4. Incubate cells for 20–30 min at 37 °C.
 5. Place cells on ice and rinse once with ice-cold PBS.
 6. Scrape cells in 2× sample buffer (see Note 14).
 7. Heat samples for 10 min at 50 °C. Do not boil (see Note 15).
 8. Separate proteins on a SDS-PAGE gel.
 9. Transfer proteins to a PVDF membrane.
 10. Block the membrane in blocking buffer for 30 min at room 

temperature.
 11. Incubate the membrane overnight at 4 °C with 1:1000 dilu-

tion of anti-total GLUT1 or other desired antibodies diluted 
in blocking buffer (see Note 16) (see Fig. 1).

All incubation steps should be performed at 37 °C in a humidified 
incubator with 5 % CO2.

 1. Seed cells in triplicate in a 12-well plate 18–24 h before the 
assay using DMEM supplemented with 10 % FBS or other 
standard cell culture medium.

3.2 Western Blot 
Detection of GLUT1

3.3 Measurement 
of Glucose Uptake 
Using Radiolabeled 
2-Deoxyglucose
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 2. Optional: Replace media with reduced 5 % FBS 6–8 h after 
seeding. Incubate cells overnight (see Note 17).

 3. Wash the cells twice with 2 mL PBS.
 4. Incubate cells in serum-free media supplemented with 0.1 % 

w/v BSA for 2 h before treatment is added.
 5. Prepare the treatment solution by dissolving TPA or desired 

treatment stock in KRHP buffer (see Note 18).
 6. Dissolve an equal concentration of DMSO in KRHP buffer 

for untreated control wells.
 7. Wash the cells twice with 2 mL PBS.
 8. Add exactly 450 μL of the treatment solution or KRHP buffer 

containing DMSO to each well.
 9. Incubate at 37 °C for 30 min (see Note 19).
 10. During the incubation step, prepare uptake solution containing 

1 μCi 3H 2DG/well and 0.1 mM unlabeled 2DG in KRHP 
buffer (see Note 20).

 11. Initiate transport by adding 50 μL of uptake solution to 
each well.

 12. Incubate for 5 min at 37 °C (see Note 21).
 13. Terminate transport by rapidly removing the uptake solution 

and washing 3× with 900 μL ice-cold PBS containing 25 mM 
D-glucose (see Note 22).

 14. Add 500 μL of 0.5 M NaOH to each well to lyse the cells 
(see Note 23).

 15. Add 500 μL of 0.5 M HCl to each well to neutralize.
 16. Pipet up and down several times to disperse any cell clumps.

Fig. 1 Western blots confirm Glut1 allele expression after retroviral transduction. 
(a) Stable overexpression of wild-type (WT), S226A, and S226E Glut1 alleles in 
Rat2 cells. (b) Expression of WT and GLUT1-T258A in Clone9 cells. Position T258 
of GLUT1 is a putative 5′ AMP-activated protein kinase (AMPK) site

GLUT1 Glucose Uptake
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 17. Pipet 250 μL of the cell lysate into a scintillation vial contain-
ing 5 mL of scintillation fluid.

 18. Cap the tube and shake well.
 19. Quantify the internalized radiolabeled glucose by liquid scin-

tillation counting (see Note 24).
 20. Determine the protein concentration by BCA and normalize 

uptake to the amount of protein present in each well (see Note 
25 and see Fig. 2).

4 Notes

 1. The QuikChange Primer design software can be found on the 
manufacturer’s website. To maximize mutation efficiency, 
Stratagene strongly suggests using purified mutagenic prim-
ers. This kit is optimal for generating point mutations or short 
insertions/deletions.

 2. If the PCR is unsuccessful using 15 ng of template DNA, per-
forming a series of reactions using a range of dsDNA template 
(5–50 ng) is recommended.

 3. Exceeding 18 cycles may increase the possibility of introduc-
ing undesired second-site mutations.

 4. If a PCR band is not detectable, the manufacturer’s protocol 
suggests continuing with DpnI digestion and transformation. 

Fig. 2 Radiolabeled 2DG uptake assays can be used to assess the effects of specific mutations on glucose 
uptake. (a) WT GLUT1, but not the non-phosphorylatable, mutants, GLUT1–S226A or GLUT1–S226E, express-
ing Rat2 cells show a dose-dependent increase in glucose uptake. Uptake values are normalized against 
untreated cells of the same genotype to allow for the analysis of uptake over multiple independent experi-
ments. (b) Both WT and GLUT1-T258A-expressing Clone9 cells respond to 5-amino-imidazole-4-carboxamide 
ribonucleotide (AICAR) or glucose starvation by increasing the glucose uptake
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In our experience, mutagenesis is often unsuccessful when a 
band cannot be visualized.

 5. Restriction enzyme-based strategies for cloning reduce the rate 
of mutation. However, when restriction enzyme or recombina-
tion-based cloning strategies are not possible, it is possible to 
use a PCR-based strategy to amplify and clone your allele of 
interest. While retroviral expression vectors are useful for a 
broad range of mammalian cell lines, the Glut1 allele or insert 
of interest may also be subcloned into other expression vectors 
(e.g., pGEMHE for expression in Xenopus oocytes [5], pWPXL 
for lentiviral packaging).

 6. We recommend seeding the packaging cells at two different 
densities for optimal cell density at the time of transfection. It 
is important to thoroughly mix the cells in order to produce a 
single-cell suspension and ensure an even distribution of cells. 
Since 293T cells detach easily from the cell culture dish sur-
face, change media by gently dispensing against the side of the 
dish to prevent dislodging cells. It is helpful to include a small 
amount (< 0.1 μg) of an eGFP expression vector to ensure 
high transfection efficiency.

 7. Ensure that your viral production plasmids include an enve-
lope plasmid, Gag-pol plasmid, and transgene transfer vector. 
Both two and three vector viral packaging systems exist. For 
example, the retroviral packaging plasmid pCL-Eco (Addgene) 
expresses both envelope and Gag-pol proteins and may be 
used to transduce mouse and rat cell lines. It is helpful to pro-
cess a vector control in parallel to measure transfection effi-
ciency and to exclude against allele toxicity.

 8. For retroviruses, target cells must be actively dividing to ensure 
infection. Cells that are too dense or sparse may be poorly trans-
duced by retroviruses. For quiescent or slowly dividing cells, 
lentiviruses may allow for more efficient cell transduction.

 9. Filtering or centrifugation is essential to prevent contamina-
tion of target cells with the 293T Lenti-X cells. If target cells 
have not yet reached the optimal density for infection, viral 
supernatant can be stored at 4 °C for up to 24 h or snap frozen 
in liquid nitrogen and stored at −80 °C.

 10. All tissue culture reagents (pipettes, syringe filters, syringes, 
and tubes) coming in contact with viral supernatant should be 
treated with bleach prior to disposal.

 11. Perform a dose titration or “kill” curve using the appropriate 
selection antibiotic if the optimal concentration is unknown. 
The optimal concentration depends on the cell type.

 12. Although efficient viral infections reduce the risk of clonal arti-
facts in downstream assays, it is recommended that several 
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independent infections be used for biological replicate 
experiments.

 13. For some mutant alleles (small deletions, point mutations 
without specific antibodies), it will not be possible to distin-
guish between the WT allele and mutant alleles by Western 
blotting. For confirmation of these cell lines, PCR amplifica-
tion and sequencing of the region of interest will confirm suc-
cessful transduction. Designing primers that span introns can 
prevent the amplification of endogenous alleles.

 14. Whole-cell lysates may be prepared at a concentration of 
~10,000 cells/μL sample buffer. Precise quantitation of the 
amount of protein loaded is not essential at this step, only veri-
fication that the allele of interest is expressed. Lysates should 
be sheared by passage through a 31-gauge syringe needle or 
sonication prior to loading.

 15. Glycosylation of the many glucose transporters, including 
GLUT1, causes them to run as a smear. Boiling the protein lysate 
results in aggregation of GLUT1, which appears as a higher 
molecular weight smear above the correct expected size (55 kDa).

 16. While many antibodies can be used repeatedly, freshly diluted 
phospho-specific antibodies should be used for each new 
Western blot. Signal intensity may significantly decrease with 
repeated use and freeze-thaw of a diluted stock. Phospho-
specific antibodies should be stored in small aliquots at −20 °C 
to avoid repeated freeze-thaw cycles.

 17. Although growth factors in FBS can affect glucose uptake, a 
“step-down” in FBS concentration does not appear to strongly 
impact glucose uptake.

 18. Prepare fresh dilutions of treatment stock in KRHP for each 
experiment. The final concentration of DMSO in solution should 
be kept below 1 % if possible. It is critical to perform TPA treat-
ment and glucose uptake measurements in KRHP media. 
Performing these experiments in culture media (e.g., DMEM 
without glucose), which contains a complex mixture of nutrients, 
strongly blunts the effects of treatments on glucose uptake.

 19. Incubation times may vary depending on the treatment, cell 
type, and aim of the experiment. For example, AICAR treat-
ment (1 mM) occurs for 2 h in serum-free media.

 20. If the measurement of nonspecific glucose transport is needed, 
treat cells with 40 μM cytochalasin B before adding the pulse.

 21. 2DG uptake in Rat2 and Clone9 cells is linear for <10 min 
under the specified conditions. Time course control experi-
ments may need to be performed for each new cell line.

 22. Washes should be rapid, yet gentle. PBS should be applied to 
the side of the well rather than the base of the plate. A repeater 
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pipette facilitates the washing of multiple wells. Confirm that 
the majority of cells remain adherent after completing washes 
as the loss of significant numbers of cells impacts uptake values 
despite protein normalization.

 23. 1 mL of 0.2 % SDS may be substituted for NaOH followed by 
HCl to achieve cell lysis. Cells should be viewed under the 
microscope to confirm complete lysis.

 24. If Lumex values are high (above 5–10 %), leave the samples at 
room temperature overnight and repeat the readings the fol-
lowing day.

 25. For the microplate option of the BCA assay, 50 μL of cell 
lysate was sufficient. Before protein normalization, subtract 
background values obtained from cytochalasin B-treated cells 
if necessary. Because we have noted daily variability in the 
absolute levels of 2DG uptake, it is necessary to normalize 
uptake to an untreated control sample to combine indepen-
dent biological replicates done over multiple experiments.
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Chapter 6

Evaluating the Efficacy of GLUT Inhibitors Using 
a Seahorse Extracellular Flux Analyzer

Changyong Wei, Monique Heitmeier, Paul W. Hruz, and Mala Shanmugam

Abstract

Glucose is metabolized through anaerobic glycolysis and aerobic oxidative phosphorylation (OXPHOS). 
Perturbing glucose uptake and its subsequent metabolism can alter both glycolytic and OXPHOS path-
ways and consequently lactate and/or oxygen consumption. Production and secretion of lactate, as a 
consequence of glycolysis, leads to acidification of the extracellular medium. Molecular oxygen is the final 
electron acceptor in the electron transport chain, facilitating oxidative phosphorylation of ADP to ATP. 
The alterations in extracellular acidification and/or oxygen consumption can thus be used as indirect 
readouts of glucose metabolism and assessing the impact of inhibiting glucose transport through specific 
glucose transporters (GLUTs). The Seahorse bioenergetics analyzer can measure both the oxygen 
consumption rate (OCR) and extracellular acidification rate (ECAR). The proposed methodology affords 
a robust, high-throughput method to screen for GLUT inhibition in cells engineered to express specific 
GLUTs, providing live cell read-outs upon GLUT inhibition.

Key words Glycolysis, GLUT inhibitor, Seahorse XF analyzer, Oxidative phosphorylation, ECAR

1 Introduction

Glucose is a major carbon source that plays a fundamental role in 
cellular bioenergetics, biosynthesis, redox homeostasis, signaling, 
and epigenetics [1]. Glucose enters a cell through specific glucose 
transporters (GLUTs) by facilitative diffusion and is retained 
within the cell upon phosphorylation by hexokinase. Once phos-
phorylated the major routes for glucose catabolism are via the gly-
colytic and pentose phosphate pathways. The product of glycolysis, 
pyruvate can then be used via anaerobic respiration to generate 
lactate. Alternatively, pyruvate is decarboxylated to acetyl-CoA 
that fuels the TCA cycle and aerobic respiration [2]. Thus, lactate 
production and oxygen consumption are indirect readouts of how 
imported glucose is metabolized within the cell.

GLUT1, 3, and 4 are high-affinity glucose transporters [3]. 
GLUT1 is ubiquitously expressed and mediates basal glucose 
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uptake in a number of cell types [4, 5]. GLUT4, expressed primar-
ily in adipocytes and muscle cells, is the principal glucose trans-
porter mediating insulin/exercise-responsive glucose uptake and is 
important in maintaining whole-body glucose homeostasis [6]. 
GLUT1, GLUT4, and other GLUTs have been shown to be 
required for the growth and survival of specific cancer cells [7, 8]. 
In order to identify inhibitors of specific GLUTs, we have opti-
mized the use of the Seahorse XF Analyzer with cell lines engi-
neered to express specific GLUTs. Similar strategies can be applied 
to the interrogation of other targets if ECAR and/or oxygen con-
sumption are impacted.

Protons generated during pyruvate production and lactate 
generated from pyruvate, both contribute to the acidification of 
the extracellular medium [9]. The Seahorse extracellular flux 
(XF) analyzer (Seahorse Bioscience) directly measures the extra-
cellular acidification rate (ECAR) in real time, providing quantifi-
able data that can be used as an indirect readout of cellular 
glycolytic flux. The change in ECAR upon addition of glucose 
can be used as a surrogate measure of the rate of glycolysis. To 
assess the activity of a given GLUT, we have over-expressed spe-
cific GLUTs in a cellular background devoid of the other major 
endogenous GLUTs. Additionally, in cells cultured in the pres-
ence of glucose, inhibiting glucose uptake with specific inhibitors 
should decrease both the protons produced by glycolysis and lac-
tate production, leading to a reduction in ECAR. One caveat to 
keep in mind is that OXPHOS produces CO2 that can also change 
the pH of the media and impact ECAR [10]. To further tie the 
ECAR to glycolysis one can therefore include treatments with the 
ATP synthase inhibitor, oligomycin. Oligomycin inhibits mito-
chondrial ATP production and shifts the reliance on cellular 
energy production to glycolysis, resulting in further increase in 
the ECAR. The impact of testing a GLUT inhibitor on maximum 
glycolytic capacity (which eliminates the impact of OXPHOS-
derived CO2 on pH) can better reflect the ability of the inhibitor 
to impact glycolysis. We thus propose that measuring ECAR 
and/or glycolytic capacity using the Seahorse XF Analyzer can be 
utilized to evaluate GLUT inhibition.

We verified this method with a GLUT1 inhibitor phloretin 
[11] and a GLUT4 inhibitor (compound 20) developed in our 
laboratory [12, 13]. We have combined the use of GLUT knock-
down and GLUT over-expressing cell lines to increase sensitivity of 
this platform for assessment of selective GLUT inhibition. This 
assay can be performed in 2 days and requires low cell numbers. 
Four injection ports also provide the option to further interrogate 
the metabolic readouts by introduction of additional inhibitors or 
supplements.

Changyong Wei et al.
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2 Materials

 1. Seahorse XFe96 Analyzer.
 2. Incubators: CO2 and non-CO2; 37 ºC.
 3. Inverted-phase contrast microscope.
 4. pH-meter.
 5. XFe96 FluxPAK.
 6. Seahorse XF Calibrant.
 7. Seahorse XF Base Medium.
 8. Oligomycin solution: 20 mM Oligomycin.
 9. 2-Deoxy-D-glucose (2DG) solution: 1 M 2DG.
 10. RPMI1640 medium: RPMI1640 supplemented with 10 % v/v 

FBS and 1 % v/v Pen/Strep.
 11. Minimum essential medium (MEM): MEM supplemented 

with 10 % v/v FBS and 1 % v/v Pen/Strep.
 12. Trypsin.
 13. Glucose: 1 M Glucose solution in water.
 14. Phloretin: 20 mM Phloretin solution in ethanol.
 15. Compound 20: 50 mM Compound 20 solution in DMSO.
 16. P10 and P200 pipettes and tips.
 17. A549 cells: A non-small cell lung cancer cell line.
 18. HEK G1KD cells: HEK293 cells with GLUT1 knockdown.
 19. HEK G1OE cells: HEK293 cells overexpressing human 

GLUT1.
 20. HEK G1KDG4OE cells: HEK293 cells overexpressing human 

GLUT4 and endogenous GLUT1 knockdown.

3 Methods

 1. Harvest cells from the culture plate/flask using trypsin and 
count cells in suspension. We used four cell lines HEK G1KD, 
HEK G1OE, HEK G1KDG4OE, and A549 (see Note 1).

 2. Take the desired number of cells (based upon the number of 
wells to be plated) and resuspend in growth medium. For 
HEK293 cells, 15,000 cells are suspended in 80 μL MEM 
medium/well; for A549, 12,000 cells are suspended in 80 μL 
RPMI medium/well.

 3. Seed 80 μL of cell suspension per well. Apply medium only 
(without cells) in the four corner wells of the plate to use for 
background measurements.

3.1 The Day Prior 
to Assay

3.1.1 Seeding Cells 
in XF96 Cell Culture 
Microplates

Evaluating the Efficacy of GLUT Inhibitors Using a Seahorse Extracellular Flux Analyzer
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 4. Keep plate at room temperature in the cell culture hood for 
1 h to promote even cell distribution and reduce edge effects.

 5. Transfer plate to a 37 °C incubator with 5 % CO2 and allow 
cells to incubate overnight. Monitor growth and health of the 
cells using a microscope.

 1. Place the sensor cartridge upside down next to the utility plate.
 2. Add 200 μL of Seahorse Calibrant to each well of the utility 

plate.
 3. Place the XF Sensor Cartridge on top of the utility plate, wrap 

with parafilm and place in a non-CO2 incubator at 37 °C 
overnight.

For one plate prepare 200 mL of assay medium:

 1. Warm 200 mL Seahorse XF Base Medium to 37 °C.
 2. Add 2 mL glucose solution to a final concentration of 10 mM.
 3. Adjust pH to 7.35 +/− 0.05 using 1 M NaOH.
 4. Filter sterilize with a 0.2 μM filter.
 5. Keep the assay medium at 37 °C.

 1. Add 80 μL of phloretin solution to 2 mL assay medium (see 
Note 2).

 2. Add 3.2 μL of compound 20 to 1 mL assay medium (see Note 2).
 3. Prepare medium with vehicle only as control. 80 μL Ethanol in 

2 mL assay medium (for phloretin) and 3.2 μL DMSO in 1 mL 
assay medium (for compound 20).

 4. Add 5.4 μL oligomycin solution to 4 mL assay medium.
 5. Prepare 2DG solution in sterile cell culture water.

 1. Remove all but 20 μL of the culture medium from each well.
 2. Rinse cells two times with 200 μL of assay medium (see Note 3).
 3. Add 155 μL assay medium to each well for a final volume of 

175 μL/well.
 4. Place the plate in an incubator at 37 °C without CO2 for 1 h 

prior to the assay.

 1. The injection volume is 25 μL. For port A, assay medium with 
either vehicle or phloretin was loaded for HEK G1OE and 
A549 cells, and assay medium with either vehicle or compound 
20 was loaded for HEK G1KDG4OE cells. Oligomycin was 
loaded for all port B and 2DG was loaded for all port C wells. 
For each group, there were at least five replicates (see Note 4).

 2. Once all compounds have been loaded, transfer the cartridge 
to the Seahorse XF Analyzer to start calibration.

3.1.2 Hydrating the XF 
Sensor Cartridge

3.2 Day of Assay

3.2.1 Preparing 
Assay Medium

3.2.2 Preparing 
Compounds for Injection

3.2.3 Performing 
the Medium Exchange

3.2.4 Loading 
Injection Ports
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 1. Open the XF software.
 2. Create a new experiment.
 3. Enter the information for each group and injection port.
 4. Edit protocol as follows: three measurement cycles (3 mins 

Mix, 0 min Wait, 3 mins Measure) – port A injection – three 
measurement cycles (3 mins Mix, 3 mins Wait, 3 mins Measure) 
– port B injection – (3 mins Mix, 0 min Wait, 3 mins Measure) 
– port C injection – (3 mins Mix, 0 min Wait, 3 mins Measure).

 5. Place the cartridge and calibration plate with loaded injection 
ports on the sliding tray.

 6. Click Continue to start calibration.
 7. When prompted, replace the calibration plate with the cell 

plate.
 8. Continue to run.
 9. When the run is over, follow the prompts in the software and 

remove the cartridge and cell plate and discard.

Data can be analyzed in Wave Desktop Software provided by 
Seahorse Bioscience (http://www.agilent.com/en-us/support/
cell-analysis-(seahorse)/seahorse-xf-software).

 1. The glycolytic capacity is determined by subtracting non- 
glycolytic acidification (the extracellular acidification rate 
(ECAR) measured after injecting 2DG) from the ECAR mea-
sured after injecting oligomycin. As shown, overexpressing 
either GLUT1 or GLUT4 in HEK293 cells elevates glycolytic 
capacity (see Fig. 6.1).

 2. Treatment with phloretin or compound 20 (a GLUT4 selec-
tive inhibitor) effectively decreases glycolytic capacity in cells 
overexpressing GLUT1 or GLUT4, respectively. The glyco-
lytic capacity of A549 lung cancer cells is also suppressed upon 
treatment with phloretin.

4 Notes

 1. If other cell lines are used, cell seeding number and concentra-
tion of oligomycin need to be optimized. Cell seeding num-
bers are typically between 5,000 and 100,000 per well and the 
concentration of oligomycin is usually between 0.5 and 
5 μM. The optimal cell seeding number should meet these 
criteria: minimum ECAR of 20 mpH/min, should lie within 
the linear portion of ECAR/cell seeding number graph.

3.2.5 Running the Assay

3.2.6 Analyzing the XF 
Glycolysis Stress Test Data

Evaluating the Efficacy of GLUT Inhibitors Using a Seahorse Extracellular Flux Analyzer
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 2. Compounds may change the pH of the solution. Make sure 
that injected compounds are at pH 7.35 +/− 0.05 before 
loading.

 3. Add medium gently to avoid cell detachment. Do not touch 
the bottom of the plate. Look at cells under microscope to 
ensure that cells are not washed away.

 4. Load vehicle or compound in the ports being used for back-
ground measurements. During loading, the hydrated XF sensor 
cartridge must remain in the utility plate. Do not lift, angle, or 
tap the cartridge.

 5. For more details on setting up the assay, please refer to Agilent 
Seahorse Bioscience website.
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Chapter 7

Glucose Transport Activity Measured in Giant Vesicles

Jesper S. Hansen and Karin Lindkvist-Petersson

Abstract

Incorporation of membrane proteins and internal reporter systems directly into giant vesicles, during their 
formation from a hydrogel surface, has emerged as a promising new concept in membrane protein charac-
terization. Here, we provide the detailed protocol for a glucose transporter activity assay based on giant 
vesicles containing a fluorescent enzyme-linked reporter system internally. This assay is applicable for the 
functional analysis of a variety of hexose-transporting proteins. We furthermore believe that it can aid in 
the development of drugs targeting hexose transporters.

Key words Glucose transporters, GLUT1, Glucose transport, Membrane protein, Activity assay, 
Fluorescence microscopy, Resorufin, Giant vesicles

1 Introduction

Glucose transporters (GLUTs) are energy-independent solute car-
riers that mediate bidirectional diffusion of monosaccharides across 
the biological cell membrane [1]. Besides their central role in main-
taining glucose homeostasis, overexpression and altered activity of 
GLUTs have been associated with various cancer types (reviewed in 
[2, 3]) and also play a role in the pathogenesis of diabetes [4–6]. 
Still, this protein class is underrepresented as drug targets in treat-
ment of disease [7]. This is largely attributed to general lack of 
functional assays suitable for drug screening [7]. Such activity assays 
do not necessarily need to retain the biological activity that is char-
acteristic of the protein in its natural environment, but rather enable 
investigation of protein activity in a reliable manner in vitro.

Current techniques for screening the activity of membrane 
proteins use cultured cells, or artificial lipid bilayers as simplified 
models of biological membranes. The use of artificial lipid bilayers 
in early-stage drug development can potentially save both time 
and cost by eliminating the need to grow and maintain cells in 
culture [7].
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Previously, artificial lipid bilayers with incorporated proteins 
have been troublesome to prepare, primarily due to challenges 
with detergent removal and exchange between amphiphiles [8]. 
Furthermore, it is often not straightforward to incorporate such 
bilayers into devices capable of measuring membrane protein activ-
ity. Activity measurements of membrane proteins transporting 
uncharged soluble molecules present a particular challenge, 
because the movement of such solutes is not straightforwardly 
measured. Methods that could overcome the present challenges 
would represent an important step toward a better understanding 
of membrane proteins and the identification of potential new drugs 
for the treatment of disease.

An emerging new concept in reconstituting membrane pro-
teins into artificial lipid bilayers is the swelling of giant vesicles 
from a membrane protein-containing hydrogel substrate [9–14]. 
This approach enables direct reconstitution of membrane proteins 
during the lipid bilayer formation process (see Fig. 1a). In this 
protocol, purified membrane proteins are dissolved in a molten 
agarose hydrogel, which is then spread onto a solid substrate and 
then partially dehydrated. Lipids of the desired membrane com-
position are spread as a thin film on top of the partially dehydrated 
protein- containing agarose hydrogel. Subsequent rehydration by 
addition of aqueous buffer causes spontaneous swelling of the 
lipid-protein matrix and formation of protein-incorporated giant 
vesicles (see Fig. 1b) [13]. The formed protein-incorporated giant 
vesicles can then be harvested for biochemical or biophysical anal-
yses (see Fig. 1c).

A key advantage with this approach is that the final detergent 
concentration in the rehydrated system is significantly lower than 
the critical micelle concentration (CMC) of the detergent used to 
solubilize the membrane protein. This means that protein assays 
can be performed without the need to carry out further detergent 
removal steps.

Secondly, the protocol reliably produces protein-incorporated 
giant vesicles with good yields and at a variety of ionic strength 
buffers and lipid compositions [15–17].

In our experience, another clear advantage with this approach 
is the ease of which protein incorporated lipid bilayers are pro-
duced. The protocol is, unlike most other giant vesicle formation 
methods, straightforward to set up in any laboratory without 
requiring extensive knowledge of lipid biophysics or membrane 
protein-handling skills. It only requires low picomolar quantities of 
purified membrane proteins [13], but the protocol can even be 
used directly on membrane preparations from cell lines expressing 
high levels of protein, which thereby circumvents the requirement 
of protein purification [10, 11].

We have used this system to build a functioning artificial cell 
model that is able to take up glucose and process it (see Fig. 2) [12]. 
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By formation of giant vesicles reconstituted with the facilitative glu-
cose transporter GLUT1 and a glucose oxidase and hydrogen per-
oxidase-linked fluorescent reporter internally, we have demonstrated 
that facilitated hexose transport can be coupled to an interior multi-
enzymatic reaction yielding a quantifiable fluorescent signal when 
glucose is internalized [12]. Here, we provide a detailed protocol 
for setting up this activity assay for GLUT1. In principle, the glu-
cose transporter can be freely exchanged to other membrane pro-
teins and the internal reporter system can be replaced to measure 
the uptake of a variety of other solutes. Thus, this protocol is by no 
means restricted to hexose-transporting proteins.

2 Materials

Prepare all aqueous buffers and stock solutions using ultrapure 
water (18.2 MΩ.cm). Analytical grade reagents are used through-
out and without further purification. Diligently follow all safety 
regulations for handling chemicals and solvents.

A

1) Dilute GLUT proteins into molten agarose. 
2) Spread a thin layer of GLUT-agarose gel on a coverslip. 
3) Partially dehydrate the gel. 
4) Deposit lipids on top. 
5) Add aqueous buffer and allow the giant vesicles to form. 
6) Harvest the formed giant vesicles.

C

B

Steps: 
1) 

2) 
3) 
4) 

5) 
6)

Fig. 1 Reconstitution of GLUT1 into giant vesicles. (a) Simplified scheme of the 
approach for hydrogel-assisted formation of GLUT-incorporated giant vesicles. (b, 
c) False-color fluorescence micrographs showing (b) Rehydrating a DPhPC lipid-
coated partially dried hydrogel film containing pure ATTO565-labeled GLUT1, and 
(c) Harvested GLUT1-incorporated giant vesicle. Scale bars are 10 μm; normal-
ized min–max fluorescence intensity is shown by color calibration bar

Measuring GLUT Activity
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 1. Ultrasonic bath.
 2. Handheld corona treater (Electro-Technic Inc.) or benchtop 

plasma cleaner (Harrick Plasma).
 3. Wash-N-Dry™ coverslip rack (Sigma-Aldrich).
 4. Glass coverslips: round 25 mm diameter, type 1.0 thickness.
 5. Glass beaker: 100 mL.
 6. Sterile filters: 0.22 μm syringe filters.
 7. Disposable plastic syringes: 2, 10, and 20 mL.
 8. Cell chambers: AttoFluor cell chambers for microscopy 

(Thermo Fisher Scientific) or Sykes-Moore chambers (Bellco 
Glass).

 9. Sodium hydroxide (NaOH) solution: 1 M NaOH. To make a 
1 M NaOH solution, dissolve 4.0 g of sodium hydroxide in 
100 mL ultrapure water. Notice that NaOH is corrosive and 
has to be handled accordingly.

 10. Glass-bottom dishes with chamber micro-insert wells, e.g., 2- 
to 4-well inserts (Ibidi) (see Note 1).

 11. Biotin-PEG-Silane solution: 25 mg/mL in ethanol. We use 
biotin-PEG-silane with a molecular weight of 3400 kDa 

2.1 Giant Vesicle 
Chamber Preparation 
Materials

GLUT1

glucose

GOx HRP

Amplex Red

resorufin

H2O2

O2 O2

A B Control GLUT1

Brightfield

 Glucose

+ Glucose

Fig. 2 Assay principle and expected results. (a) Illustration showing the principle of the assay. Facilitated glu-
cose transport (GLUT1; blue) first leads to conversion of the glucose (green) to gluconolactone (lighter green) 
and hydrogen peroxide (blue diamond) by GOx (yellow). Subsequently, the nonfluorescent Amplex Red (grey) is 
converted to fluorescent resorufin (red glowing) in the presence of HRP (orange) and hydrogen peroxide. (b) 
Functional incorporation of GLUT1 and reconstitution of active enzymes HRP and GOx elicit fluorescent reso-
rufin inside vesicles following addition of glucose (final conc. 1 mM). In contrast, giant vesicles without GLUT1 
(Control) do not develop any notable fluorescence following glucose addition. Adapted from ref. [12]
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(Laysan Bio Inc.). Prepare the solution of biotin-PEG-silane 
by dissolving 25 mg biotin-PEG-silane powder in 1 mL 96 % 
EtOH.

 12. Avidin solution: 1 mg/mL in ultrapure water. Prepare the avi-
din solution by dissolving 1 mg lyophilized avidin in 1 mL 
ultrapure water.

 13. Bovine serum albumin (BSA) solution: 1 mg/mL in ultrapure 
water. We use essentially fatty acid-free BSA. Filter the solution 
through a 0.22 μm syringe filter.

 1. Glassware: Volumetric flasks of 10 and 50 mL; glass beakers 
with 100 mL capacity; 2 mL glass amber vials with PTFE screw 
top.

 2. Magnetic stirrer.
 3. Heat block.
 4. Plastic tubes: Standard 1.5 mL Eppendorf tubes and 15 mL 

Falcon tubes.
 5. Hamilton syringe: 100 μL capacity.
 6. Purified GLUT proteins (see Note 2).
 7. Phosphate-buffered saline (PBS), 10× concentrate: 1.37 M 

NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4, 
pH 7.4.

 8. Raffinose-PBS buffer solution: 100 mM raffinose in PBS. First 
prepare a 0.2 M raffinose stock solution (see Note 3). Dissolve 
5.95 g D-(+)-raffinose pentahydrate in ultrapure water and 
adjust to a final volume of 50 mL using volumetric flasks. Filter 
the solution through 0.22 μm filters. Then make the raffinose- 
PBS buffer solution, which consists of 100 mM raffinose in 1× 
PBS, by adding 5 mL 0.2 M raffinose stock solution and 1 mL 
10× PBS to a 15 mL Falcon tube and adjust to a final volume 
of 10 mL with 4 mL ultrapure water. Degas the buffer solution 
by bubbling it through with N2 gas or use ultrasonic bath and 
keep on ice until use (see Note 4).

 9. KCl-PBS buffer solution: 67.8 mM KCl in PBS. Start by pre-
paring 1 M KCl stock solution. Dissolve 3.73 g KCl in ultra-
pure water. Adjust the solution to a final volume of 50 mL 
using volumetric flasks. Filter the solution through 0.22 μm 
filters. To prepare a solution of 67.8 mM KCl in 1× PBS, add 
0.678 mL of the 1 M KCl and 1 ml of the 10× PBS solutions 
to a 15 mL Falcon tube and adjust to a final volume of 10 mL 
with ultrapure water (8.322 mL). The KCl-PBS solution is 
osmotically balanced to the raffinose-PBS solution (see Note 
5). Degas the buffer solution by bubbling it through with N2 
gas or use ultrasonic bath and keep on ice until use.

 10. Lipid solution: 10 mM 1,2-diphytanoyl-sn-glycero-3-phos-
phocholine (DPhPC), 0.1 mM 1,2-dipalmitoyl-sn- glycero-3-

2.2 Buffers, Lipids, 
and Reagents

Measuring GLUT Activity
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phosphoethanolamine-N-(cap biotinyl) (DPPE-biotin) in 
chloroform (see Note 6). Prepare 10 mg/mL DPhPC and 
1 mg/mL DPPE-biotin stock solutions in CHCl3, respectively 
(see Note 7). To a 2 mL glass amber vial, mix 84.6 μL DPhPC 
with 10.5 μL DPPE-biotin. Evaporate the solvent using a gen-
tle stream of nitrogen gas. Dissolve the dried lipids in 100 μL 
CHCl3. It can be stored at −20 °C for several weeks. The lipid 
solution should be equilibrated to room temperature prior to 
its use.

 11. Molten agarose solution: 1 % w/v agarose type IX ultra-low 
gelling temperature in ultrapure water. Prepare the agarose 
solution by dissolving 5 mg agarose powder in 500 μL ultra-
pure water in a 1.5 mL Eppendorf tube. Mix vigorously by 
pipetting up and down several times to bring the agarose in 
suspension. Place the Eppendorf tube with the agarose suspen-
sion in a dry block heater at 80 °C for ~10 min. Mix the aga-
rose suspension frequently until the agarose is completely 
melted. Cool the agarose solution to 25 °C and maintain it at 
this temperature until use. Agarose type IX ultra-low gelling 
temperature has a gel temperature ≤ 18 °C and will stay mol-
ten at or above this temperature. Please also note that special 
storage conditions, in our experience, apply for dry powder 
type IX ultra-low gelling temperature agarose (see Note 8).

 12. Glucose solution: 1 M glucose stock solution. Dissolve 0.18 g 
D-(+)-glucose in 1 mL KCl-PBS buffer solution.

 13. Amplex Red glucose/glucose oxidase assay kit: Dissolve and 
handle all assay components according to the manufacturer’s 
instructions. Accordingly, the following stock solutions are 
prepared: 10 mM Amplex® Red (i.e., 10-acetyl-3,7-dihy-
droxyphenoxazine), 10 U/mL horseradish peroxidase (HRP), 
and 100 U/mL glucose oxidase (GOx) (see Note 9).

 14. Rehydration buffer (with glucose reporter system): 50 μM 
Amplex® Red reagent, 0.2 U/mL HRP, and 2 U/mL GOx in 
raffinose-PBS buffer solution. Immediately before use, mix 
5 μL of 10 mM Amplex® Red reagent stock solution, 20 μL of 
10 U/mL HRP stock solution, and 20 μL of 100 U/mL glu-
cose oxidase stock solution with 955 μL of raffinose-PBS buf-
fer solution. Keep the solution on ice in the dark.

 15. GLUT inhibitors, i.e., cytochalasin B, WZB-117, or other rel-
evant test compounds.

 1. Inverted fluorescence microscope: Epifluorescence, spinning 
disc, or confocal laser scanning microscope all work for this 
assay.

 2. Appropriate fluorescence excitation light source around 
561 nm. It can be a xenon lamp, LED excitation source, or any 
appropriate laser line.

2.3 Assay Tools 
and Data Analysis 
Software
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 3. Filter set appropriate for resorufin fluorescence, i.e., rhoda-
mine filter set.

 4. Detection appropriate for fluorescence: CCD camera or PMT 
detector.

 5. Objectives: 20× and 40×.
 6. ImageJ open-source software for data analysis.

3 Methods

 1. Clean glass coverslips: Gently place the coverslips in the ceramic 
coverslip rack. Submerge the rack with the coverslips into a 
100 mL glass beaker containing a 1 M NaOH solution. Place 
the beaker with the coverslips into the ultrasonic bath, and 
clean for 30 min. Thoroughly rinse the coverslips in ultrapure 
water. Submerge the coverslips in a beaker with ultrapure 
water, subsequently place the beaker back into the ultrasonic 
bath, and clean the coverslips for another 30 min. Take out the 
coverslip rack and place it onto a dry paper towel and air-dry 
the coverslips using a gentle air stream, or by placing the 
cleaned coverslips in an oven set to 60 °C.

 2. Clean the cell chambers: Clean the chambers to be used by 
placing them in a glass beaker containing 1 M NaOH and 
clean them using an ultrasonic bath for 30 min. Rinse the 
chambers three times with ultrapure water and dry them.

 3. Biotinylation of glass-bottom dishes with micro-insert wells: 
Add 0.1 mL of the biotin-PEG-silane solution to the micro- 
inserts of the glass-bottom dishes and incubate for 60 min. 
Rinse carefully with ultrapure water (see Note 10).

 4. Precondition the micro-insert wells of the petri dishes with avi-
din: Add 0.1 mL of the avidin solution to the chamber 
 micro- inserts of the glass-bottom dishes and incubate for 
30 min. Rinse with ultrapure water.

 5. Albumin surface treatment of glass-bottom dishes with micro- 
insert wells: Add 0.1 mL of the BSA solution to the chamber 
micro-inserts and incubate for minimum 60 min (see Note 
11). It is a good idea to leave the BSA solution in the chamber 
inserts until immediately before use, and then gently wash the 
chamber inserts one time with ultrapure water.

 1. Place two clean glass coverslips on a clean surface. One will be 
used for depositing the molten agarose and the other will be 
used to evenly spread the agarose on the depositing glass sur-
face. If a handheld corona treater tool is used proceed to the 
following step. If a benchtop plasma etcher is used, steps 1 and 
2 can be performed in reverse order (see Note 12).

3.1 Chamber 
Preparations for Giant 
Vesicles

3.2 Preparation 
of GLUT-Containing 
Agarose Hydrogel 
for Giant Vesicle 
Formation

Measuring GLUT Activity



84

 2. Plasma etch treat the coverslips with the handheld corona 
treater to render the glass surface hydrophilic (see Note 13). 
Set the plasma etch tool to medium intensity using the screw 
knob on the top end of the plasma treater. Slowly move the 
plasma treater over the glass coverslips to ensure even etching 
of the glass surfaces. Perform plasma etching for 1–2 min. The 
treatment will last several minutes.

 3. Dilute purified detergent-stabilized GLUT proteins into the 
molten agarose solution. Typically, the protein concentration 
we use ranges from 1 to 10 mg/mL and the protein is diluted 
5–10 times into the molten agarose solution (see Note 14). 
For example, transfer 40 μL of molten agarose to a new 1.5 mL 
Eppendorf tube and add 10 μL of GLUT protein solution to 
the molten agarose suspension. Gently mix by pipetting. Do 
not vortex.

 4. Deposit 10 μL of the still molten protein–agarose solution 
onto the middle of a clean and plasma etch-treated coverslip 
(see Fig. 3a).

Fig. 3 Deposition of molten GLUT1-agarose and lipids onto a glass surface. 
Illustration of the protocol steps for deposition of protein–agarose gel and lipids: 
(a) Place two, plasma etch-treated, coverslips on a clean surface. Add 10 μL of 
molten GLUT1-agarose to the center of one coverslip. (b) Invert the other cover-
slip, such that the clean hydrophilic surfaces of the two coverslips are facing 
each other. (c) In a swift motion, slide the top coverslip across the bottom one. 
This creates a thin and evenly distributed layer of the GLUT1-agarose gel on the 
coverslip. Partially dehydrate the gel. (d) With a Hamilton pipette let a small drop 
of lipid solution hang from the syringe needle. (e) With a stream of N2 gas (or air) 
gently blow this drop onto the partially dried protein–agarose surface as a mist. 
(f) Repeat this procedure until the syringe is emptied. Ensure to evaporate all 
solvent before adding aqueous solution to form the giant vesicles

Jesper S. Hansen and Karin Lindkvist-Petersson
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 5. Take the other plasma etch-treated coverslip and place upside 
down, such that the two treated hydrophilic glass surfaces face 
each other (see Fig. 3b).

 6. Spread the protein–agarose solution across the surface evenly 
by swiping the top coverslip across (see Fig. 3c).

 7. Place the protein–agarose-deposited coverslip in the cell cham-
ber. Do not screw on the top-half of the chamber.

 8. Allow the thin protein–agarose film to gel by cooling it to 4 °C 
in the refrigerator for ~5–10 min.

 9. Partially dehydrate the thin protein–agarose gel by applying a 
stream of air across. It is important that the coverslip appears 
completely dry to the naked eye. The giant vesicles will not 
form properly if the surface still looks wet. High water content 
will remain in the gel, even when dehydrated in this manner 
(see Note 15).

 10. Fill a Hamilton syringe with 10 μL of the lipid solution.
 11. A thin layer of lipid is pipetted onto the partially dried protein–

agarose gel in a N2 gas stream to immediately evaporate the 
solvent. Let a small drop of lipid hang from the Hamilton 
syringe needle held vertically (see Fig. 3d). With a stream of N2 
gas (or air), gently blow this drop onto the dried protein–aga-
rose surface as a mist (see Note 16 and see Fig. 3e). Repeat this 
procedure until the syringe is emptied (see Fig. 3f).

 12. Dry the surface in a stream of N2 gas (or air). Again, it is 
important that the lipid-gel surface appears completely dry to 
the naked eye.

 13. Fully assemble the cell chamber, i.e., screw on the top half of 
the chamber assembly.

 1. Rehydrate the lipid-hydrogel film with the rehydration buffer 
containing the glucose reporter system. Typically, a volume of 
400 μL is added to the dehydrated lipid-hydrogel film. This 
results in the spontaneous swelling of the lipid-hydrogel layer 
and formation of giant vesicles.

 2. Cover the chambers to protect from light, i.e., with aluminum 
foil (see Note 17).

 3. Allow the giant vesicle formation process to proceed for 
≥30 min at 4 °C in a refrigerator.

 4. Harvest the resulting giant vesicles by aspirating the rehydra-
tion medium and diluting it fivefold into KCl-PBS buffer solu-
tion in a 15 mL Falcon tube. The sugar-salt density gradient 
causes the giant vesicles to settle on the bottom of the Falcon 
tube. Use wide bore or cut pipette tips in this step.

3.3 Formation 
of GLUT-Containing 
Giant Vesicles 
with Internal Reporter 
System

Measuring GLUT Activity
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 5. Allow the vesicles to settle in the 15 mL Falcon tube placed on 
ice.

 6. Transfer 100 μL of the vesicle suspension from the bottom of 
the Falcon tube to the micro-inserts of the glass-bottom petri 
dishes preconditioned with biotin-PEG-silane, avidin, and 
BSA. Again, use wide bore or cut pipette tips in this step.

 7. Allow the vesicles to settle on the coverslip surface before 
imaging.

 1. Wash the vesicles attached to the bottom of the petri dish with 
2.5 chamber volumes of the KCl-PBS buffer solution. Do so 
by aspirating 50 μL volume from the petri dish micro-insert 
containing the vesicles and replenish with 50 μL of KCl-PBS 
buffer solution. Repeat this step until 2.5 chamber volumes 
have been exchanged.

 2. Acquire a background micrograph (fluorescence and brightfield) 
of the vesicles on the bottom of the petri dish before addition of 
glucose. Select only those vesicles displaying faint fluorescent 
background and a clear phase contrast for GLUT activity mea-
surements (see Fig. 4 and see Note 18).

 3. If inhibitors are used, add selected chemical compound at 
desired concentrations and incubate for 5 min prior to the 
addition of glucose (see Note 19). For GLUT activity mea-
surements without inhibitor present proceed directly to the 
next step.

 4. Make 10 and 40 mM glucose-working solutions by dilution of 
the 1 M glucose stock solution with KCl-PBS buffer.

 5. Add glucose to the giant vesicle-containing chamber. Typically, 
D-glucose is added to a final concentration of 1–4 mM.

 6. Acquire fluorescence and brightfield micrographs after addi-
tion of glucose. For endpoint measurements, incubate the 
vesicles with glucose for 5 min and then acquire images. For 
time-lapse experiments, acquire micrographs of the same 
vesicle(s) for 10 min with a 30-s delay cycle. Initiate data col-
lection one micrograph before addition of glucose, which will 
function as reference point.

 1. Open the micrographs in ImageJ. Use the Bio-Formats Import 
tool and select split channels to separate the fluorescence chan-
nel from the brightfield image.

 2. Threshold the fluorescence image, using the Auto Threshold 
function.

 3. Use the particle analysis tool to automatically obtain the fluo-
rescence mean intensities of the giant vesicles contained in the 
micrograph (see Fig. 4).

3.4 Running 
the GLUT Glucose 
Transport Activity 
Assay in Giant 
Vesicles

3.5 Data Analysis
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Fig. 4 Example of experimental data quantification. (a) Shows how processing of the background, before addi-
tion of glucose, typically appears. The fluorescence intensity has been auto adjusted in order to clearly identify 
vesicles with faint interior fluorescence prior to the addition of glucose. (b) Shows the corresponding result 
after glucose addition. (c) Expected outcome after quantification of the fluorescence intensities. Black arrows 
in (a) and (b) show the appearance of a morphologically inadequate giant vesicle (“ghost vesicle”) that should 
be excluded from the experiment beforehand
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 4. Save the output Results as ASCII text file.
 5. Open the Results file in suitable data analysis software and per-

form the desired data analysis, e.g., convert raw data to relative 
fluorescence, perform calculations, and make diagrams, curves, 
etc.

4 Notes

 1. It is possible to make your own chamber micro-insert wells. 
Materials: Polydimethylsiloxane elastomer (PDMS) and curing 
agent (Dow Corning, Sylgard 184); 4″ silicon wafer (Ted 
Pella); Harris Uni-core 8 mm hole-puncher (Ted Pella); Harris 
cutting mat (Ted Pella), and aluminum foil. Procedure in brief: 
Wrap a sheet of aluminum foil around the silicon wafer to create 
a reservoir. Pour PDMS elastomer (35 g) and then curing agent 
(10:1 weight ratio elastomer:curing agent) into a weighing 
boat. Mix the two components thoroughly with a spatula. Put 
the PDMS in a desiccator and apply vacuum until all air bubbles 
are removed. Pour the PDMS into the silicon wafer wrapped in 
aluminum foil. Place the PDMS-filled silicon wafer into the 
desiccator again to remove any residual air bubbles. Cure the 
elastomer overnight in an oven at 60 °C. When the PDMS is 
solidified, punch holes with the hole puncher and cut out small 
squares around the holes with a scalpel. These comprise the 
custom-made chamber wells. Place a clean glass coverslip and 
the PDMS on a clean table with the bonding side up. Plasma 
treat etch both the glass coverslip and the PDMS piece for 30 s 
using the handheld plasma etch tool. Gently place the PDMS 
on top of the glass slide with the bonding sides together. Bond 
overnight in an oven at 60 °C. The prepared coverslips, conta-
ing the micro-insert wells, are then placed in AttoFluor or 
Sykes-Moore cell chambers for imaging.

 2. GLUT proteins, purified, from natural sources or as membrane 
preparations, are required for this protocol. For details about 
cloning, expression, and purification of glucose transporters 
please see Chapters 1, 2, and 3 in this book. Alternatives to 
purified protein are membrane preps from transfected overex-
pression cell lines, as well as small-scale cell-free expression.

 3. The sugar density gradient created with osmotically balanced 
sucrose and glucose buffers is typically used to settle giant ves-
icles on the coverslip surface for imaging. Sucrose, presumably 
due to the presence of glucose impurities, triggers the glucose 
assay reaction producing fluorescent resorufin. In our hands, 
raffinose does not trigger the glucose assay reaction and is 
therefore used in combination with an osmotically balanced 
KCl solution to settle the giant vesicles on the bottom.
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 4. Proper degassing of buffers is essential. The 10-acetyl-3,7- 
dihydroxyphenoxazine reagent (also sold under brand names 
such as Amplex Red, ADHP, A 6550, and Ampliflu™ Red) is 
very sensitive to oxidation by air, which creates fluorescent 
resorufin.

 5. The buffer system described, consisting of the raffinose-PBS 
and KCl-PBS solutions, has been osmotically balanced. It is 
therefore not necessary to measure buffer osmolarity, provided 
that the described buffers are used. If other buffers are desired, 
use an osmometer to measure the buffer osmolarity in order to 
osmotically balance different buffers.

 6. The DPPE-biotin in the lipid mixture creates anchor moieties 
on the giant vesicles for adhering the vesicles to the glass sur-
face through biotin-avidin-biotin conjugation.

 7. Notice that CHCl3 is a harmful volatile solvent. Make sure to 
perform this procedure with appropriate protection and venti-
lation, i.e., in a fume hood. Only use Hamilton syringes for 
solvent transfers.

 8. Agarose type IX ultra-low gelling temperature should be stored 
dry in a vacuum desiccator. Inappropriate storage of the aga-
rose causes leaky giant vesicle membranes in our experience, 
and may thus lead to deceptive results.

 9. 10-Acetyl-3,7-dihydroxyphenoxazine (e.g., Amplex Red) 
reagent, and GOx and HRP enzymes, can be purchased sepa-
rately. In this case, prepare stock solutions with concentrations 
as indicated.

 10. Biotinylation of glass surfaces with biotin-PEG-silane creates 
an anchor for adhering the giant vesicles to the glass coverslip 
surface through biotin-avidin-biotin conjugation.

 11. BSA acts as a cushion for settling giant vesicles. Protein- 
incorporated giant vesicles are very brittle and will burst on 
direct contact with the glass surface, if the surface is not treated.

 12. Surface treatments using benchtop plasma cleaners last approx. 
1 h compared to a few minutes for the handheld model. It is 
therefore not necessary to plasma treat the coverslip surfaces 
immediately before adding the molten agarose.

 13. The plasma treatment of glass surfaces is applied to make a 
clean hydrophilic surface. If not applied, it will not be possible 
to slide a coverslip across another to make an even hydrogel 
coating on the glass surface.

 14. Ensure that the pure GLUT proteins are in a suitable deter-
gent buffer, and with a detergent concentration as close to the 
detergent’s CMC as possible. Typically, we use 1–1.5× deter-
gent CMC in buffers for reconstitution purposes. We recom-
mend the use of dialyzable detergents for reconstituting 
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membrane proteins into giant vesicles, albeit giant vesicles can 
be formed with some nondialyzable detergents as well.

 15. Work by Horger et al. shows that a residual water content of 
≥15 % by weight remains in the hydrogel after dehydration in 
the described manner [15]. If the hydrogel is not sufficiently 
gelled and dehydrated it will result in low giant vesicle yield 
and leaky giant vesicle membranes.

 16. A stream of N2 gas (or air) is applied to gently blow lipids, 
dropwise, onto the dehydrated protein–agarose surface as a 
mist. The mist should not be too fine or too coarse. An air 
paintbrush typically creates too fine of a mist, which leads to a 
low yield of giant vesicles. If a larger (> 1 μL) lipid drop acci-
dentally comes in contact with the protein–agarose gel, 
promptly blow it across the surface and onto the side of the 
chamber. This will generally not affect the overall outcome, 
and thus proceed with the protocol.

 17. 10-Acetyl-3,7-dihydroxyphenoxazine (e.g., Amplex Red) is 
extremely sensitive to light. Thus, protect the reagent from 
light.

 18. Select only vesicles displaying faint fluorescence inside and a 
clear phase contrast for the activity measurements. This is 
indicative of non-leaky GLUT-containing vesicles with all 
required assay components reconstituted. You will find giant 
vesicles that do not live up to these criteria. We commonly call 
them “ghost vesicles” as they, due to their weak phase contrast 
in the microscope, appear as shadows against the diffraction 
index of the aqueous buffer solution.

 19. The assay is suitable for screening and characterization of 
GLUT inhibitors [12]. Indicated inhibitors only serve as 
suggestions.
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Chapter 8  

Design, Synthesis, and Evaluation of GLUT Inhibitors

Carlotta Granchi, Tiziano Tuccinardi, and Filippo Minutolo

Abstract

The Warburg effect describes how most cancer cells exhibit higher-than-normal glucose consumption, 
not only under hypoxic conditions, but also when normal oxygen levels are present. Although glucose 
transporter 1 (GLUT1) has been found to play a key role in the cellular uptake of glucose, especially in 
cancer cells, where it is generally overexpressed, it has not been given consideration as a suitable target for 
the development of anticancer drugs. In this chapter, an example of molecular design and realization of 
novel GLUT1 inhibitors, including in silico modeling, chemical synthesis, and biological characterization, 
is provided. This process started with the identification of a focused series of oxime derivatives, originally 
designed as estrogen receptor (ER) ligands, which were structurally optimized in order to direct their 
activity towards GLUT1 and to minimize their binding to the ERs, leading to the production of efficient 
and selective inhibitors of glucose uptake in cancer cells.

Key words Glucose transporters, Warburg effect, Inhibitors, Cancer, Molecular design, Oximes, 
2-NBDG

1 Introduction

The management of glucose in living cells is a crucial process that 
starts with its uptake inside the cytoplasm through specific trans-
porters. Cancer cells generally overexpress glucose transporters 
(GLUTs), in order to guarantee a massive influx of glucose to sup-
port their high proliferation rates [1]. This is generally explained as 
the Warburg effect, consisting of a metabolic switch from OXPHOS 
to glycolysis that tumor cells display even under normoxic condi-
tions [2]. This switch provides cancer cells with increased amount 
of energetic and anabolic supplies, in order to support their extraor-
dinarily remarkable growth and invasiveness. This justifies the 
increased expression of GLUTs, which is also exploited by the clini-
cally utilized diagnostic PET imaging, which measures the increased 
glucose uptake in cancer masses by means of a radioactive glucose 
analogue (FDG) [3].
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Of the several GLUTs present in human cells, GLUT1 is the 
isoform that is most frequently found to be overexpressed in 
human tumors, where it is also considered as a negative prognostic 
factor in terms of clinical outcome, and its expression is directly 
regulated by hypoxia-inducible factor 1 (HIF-1) [4]. Therefore, 
the ability to modulate the cellular uptake of glucose by means of 
inhibitors of GLUTs, in particular of GLUT1, is currently being 
considered as a promising approach for the development of inno-
vative anticancer therapies, which has so far led to the discovery of 
several chemical classes of GLUT1 inhibitors [5]. Herein, we 
report the process of design and development we have followed for 
the production of GLUT1 inhibitors belonging to the chemical 
class of salicylketoximes [6, 7].

2 Design and Preliminary Biological Assays

There are several ways to start with the design and development of 
new biologically active molecules. We started by the observation 
that most of the GLUT inhibitors reported in literature have some 
common structural features [5], consisting of central scaffolds of 
various types (aromatic, heteroaromatic, olefinic, etc.), which are 
all characterized by the presence of peripheral hydroxyl groups, 
mostly phenolic (see Fig. 1). This observation highlighted an evi-
dent similarity with the structure of some estrogen receptor (ER) 
ligands that we had previously designed and synthesized as selec-
tive ERβ ligands [8–10]. In particular, we had previously devel-
oped salicylaldoxime and salicylketoxime derivatives (see Fig. 1), 
which possess a hydroxy-substituted six-membered pseudo-ring, 
formed by an intramolecular hydrogen bond between the nitrogen 
atom of the oxime portion and the phenolic group of the salicylic 
moiety, which is supposed to mimic the phenolic ring of 
17β-estradiol present in natural estrogens, in order to establish a 
highly energetic hydrogen bond network with the receptor.

Interestingly, other compounds that bind nuclear receptors, 
such as some thiazolidinedione derivatives, which were initially 
developed as peroxisome proliferator-activated receptor γ (PPAR 
γ) agonists, proved to exert part of their action thanks to their abil-
ity to block glucose entry by inhibition of GLUT1 [11]. 
Furthermore, some flavonoids such as phloretin, which showed a 
well-established inhibition of GLUT1, also proved to bind to ERs 
[12]. This interplay between glucose transport by GLUT1 and 
estrogen receptor modulation in cells [13, 14] prompted us to 
discover if some of our ER ligands could also be active as GLUT1 
inhibitors [6, 7].

In addition to this approach based on structure similarities, we 
also aimed at building a model of the human GLUT1 by using a 
homology modeling approach. The deposited structure of XylE 
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(4gbz PDB code [15]), an Escherichia coli homologue of GLUT1-4, 
showed the best sequence similarity (29 % of identities) and was 
thus used as a template for developing the model. The human 
GLUT1 was constructed directly from the coordinates of the cor-
responding amino acids in XylE. Starting from this protein, ten 
structures were generated by means of the “very slow MD anneal-
ing” refinement method, as implemented in Modeller program 
[16], and the best receptor model was chosen on the basis of the 
discrete optimized protein energy (DOPE) assess method. The 
human GLUT1 model was then complexed with a d-glucose moi-
ety and refined by means of 10 ns of molecular dynamics (MD) 
simulation in a fully hydrated phospholipid bilayer environment 
made up of palmitoyloleoylphosphatidylcholine (POPC) mole-
cules solvated by TIP3 water molecules. The minimized average 
structure of the last 6 ns of the MD simulation was used for the 
identification of possible binding sites by using the FLAPsite 
pocket detection algorithm included in the FLAP software [17]. 
As shown in Fig. 2, this analysis highlighted the presence of one 
large extracellular cavity (yellow), one pocket in the transmem-
brane domain (green), and a third cavity in the intracellular region 
of the receptor (magenta). On the basis of further docking calcula-
tions and MD simulations the intracellular cavity seemed to be the 
most suitable for interacting with GLUT1 inhibitors possessing 
the aryl-substituted salicylketoxime scaffold, as described below.

A representative series of our oxime derivatives was screened 
in a standard glucose uptake assay to evaluate their ability to 

Fig. 1 Comparison of some known GLUT1 inhibitors and the general structure of oxime derivatives
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inhibit glucose transport through GLUT1 and then their antipro-
liferative activity was tested by a cytotoxicity assay in human non-
small-cell lung cancer H1299 cells. The glucose uptake assay 
consists of measuring the cell uptake of 2-deoxy-d-[3H] glucose 
after incubation of the cells for 15 min, with the compounds at a 
final concentration of 30 μM. Glucose uptake was initiated by the 
addition of 37 MBq/L 2-deoxy-d-[3H] glucose and 1 mM regu-
lar glucose as final concentrations. Glucose uptake was terminated 
by washing the cells with cold phosphate-buffered saline (PBS). 
Then cells were lysed with 0.2 M NaOH and the radioactivity 
retained by the cell lysates was measured [18]. A series of oxime 
derivatives were tested (see Fig. 3) and some of them (1c, 1f, and 
3a–c) demonstrated to efficiently reduce the glucose uptake (see 
Fig. 4), displaying activities that are comparable or even better 
than those of the two reference GLUT1 inhibitors used in this 
assay, such as phloretin and WZB117. Most of the tested com-
pounds possess a 5-monoaryl-substituted salicylaldoxime scaffold 
(compounds 1a–g) with the exception of compound 1b, which 
bears an additional aryl ring in position 3 of the central scaffold, 
compounds 2a–c, which are 4-aryl-substituted salicylaldoximes, 
and compounds 3a–c are 4-aryl-substituted salicylketoximes bear-
ing a chlorine atom in position 3 of the central ring.

Subsequently, these compounds were subjected to an antip-
roliferative assay in the same cancer cell line. Cell growth and 

Fig. 2 Analysis of the hGLUT-1 model cavities
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proliferation were assessed using the MTT proliferation assay. 
Briefly, H1299 cancer cells were treated with a 30 μM concentra-
tion of the compounds. Cells were cultured for 48 h, and then 
10 μL of MTT reagent was added to each well, and then incubated 
for 3 h. After the incubation, the culture medium was removed, 
100 μL crystal dissolving solution was added to each well, the 
absorbance of the solution was measured at 570 nm, and data were 
analyzed [19]. Some compounds such as 1e–1g, 3b, and 3c 
showed a good inhibition of cell viability, by reducing the percentage 

Fig. 3 Structures of the first oxime derivatives screened for glucose uptake inhibition: 5-aryl-substituted sali-
cylaldoximes 1a–g, 4-aryl-substituted salicylaldoximes 2a–c, and 4-aryl-substituted salicylketoximes 3a–c

Fig. 4 Inhibition percentage of glucose uptake in H1299 cancer cells by com-
pounds 1a–g, 2a–c, 3a–c
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of viable cells with a potency that is similar to or, in some cases, 
even better than that of WZB117 (see Fig. 5).

Considering the results obtained in both of these preliminary 
assays, we observed that aldoximes 1e–g and ketoximes 3b–c dis-
play the best combined activities of inhibition of glucose uptake 
and cell viability. Nevertheless, in order to further develop these 
compounds as GLUT1 inhibitors we also needed to consider their 
activity on the estrogen receptors for which they were initially 
designed. In fact, the possible binding of these molecules to the 
ERs could complicate their therapeutic profile. ERα and ERβ bind-
ing affinities of these oxime derivatives were previously determined 
by a radiometric competitive binding assay [10], and the relative 
binding affinity (RBA %) values for the compounds are referred to 
that of estradiol, which is set at 100 %. For most of these com-
pounds (1f, 1g, 3b, and 3c) the binding affinities for ERs were 
negligible or very low (from 0.001 to 0.123 %). On the contrary, 
compound 1e displayed a certain binding affinity for ERβ 
(RBA = 0.97 %, Kd = 51 nM) (see Table 1). Therefore, only the 
compounds that showed a negligible affinity for the ERs were con-
sidered eligible to further determine their IC50 values in glucose 
uptake and antiproliferative assays, in order to be compared with 
those of the two reference inhibitors phloretin and WZB117 (see 
Table 1). Compounds 1f, 1g, 3b, and 3c were tested at different 
concentrations (0, 5, 10, 30, and 60 μM) to measure their IC50 
values: IC50 values of the oxime derivatives were always lower than 
those of phloretin in both the assays, whereas they were either 
lower or similar if compared to those of WZB117.

Fig. 5 Inhibition percentage of cell viability in H1299 cancer cells by compounds 
1a–g, 2a–c, 3a–c
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At this point, we decided to analyze the possible binding mode 
of these compounds in the hGLUT1 model we had developed (see 
Fig. 2), by means of molecular modeling studies. By using homol-
ogy modeling techniques, molecular dynamic simulations, pocket 
detection algorithms, and docking calculations, we hypothesized 
that the compounds actually interact with the cavity present in the 
intracellular region of the receptor (magenta, Fig. 6), where they 
establish profitable lipophilic and H-bond interactions. For exam-
ple, Fig. 6 shows the possible interactions of compound 3c inside 
our hGLUT1 model. The hydroxyl group forms a H-bond with 
the backbone nitrogen of F460 and p-hydroxyphenyl ring shows a 
lipophilic interaction with the same residue. The ketoximic central 
scaffold displays an arginine π-stacking interaction with R212 and 
the chlorine atom is inserted into a polar pocket delimited by S148 
and R232. The oxime oxygen atom forms a H-bond with the 
backbone of Q397, whereas the hydroxyl group in position 2 
participates to a H-bond network between the backbone oxygen 
of E146 and the backbone nitrogen of R212.

3 Development of 4-Aryl-Substituted Salicylketoximes

The preliminary results that we obtained with our collection of 
compounds originally designed as ER ligands validated our initial 
similarity-based hypothesis that the chemical series of aryl-substituted 
salicylaldoxime and salicylketoxime derivatives could be further 

Table 1 
Inhibitory activities on glucose uptake and cell growth (H1299) and relative binding affinities (RBA) 
for the estrogen receptors α and β of compounds 1e–1g and 3b–c. Phloretin and WZB117 are 
reported as reference compounds for glucose uptake and cell viability assays

Compounds

IC50 (μM) RBA (%)a

Glucose uptake Cell viability hERα hERβ

1e n.d.b n.d. 0.021 ± 0.001 0.970 ± 0.110

1f 8.5 ± 2.0 14.1 ± 4.8 0.007 ± 0.001 0.013 ± 0.001

1g 23.4 ± 5.1 20.4 ± 5.4 0.003 ± 0.001 0.011 ± 0.003

3b 15.5 ± 3.8 39.6 ± 11.8 < 0.001 0.002 ± 0.001

3c 10.6 ± 2.8 34.8 ± 5.8 0.012 ± 0.004 0.123 ± 0.030

Phloretin 21.4 ± 5.1 54.0 ± 14.6 0.206c n.d.

WZB117 10.9 ± 3.6 20.4 ± 4.8 n.d. n.d.
aDetermined by a competitive radiometric binding assay with [3H]estradiol, estradiol is set as 100 % [10]; bnot 
determined; cdetermined in rat uterine estrogen receptor [12]

The Making of GLUT Inhibitorss
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developed to design and synthesize more potent GLUT1 inhibitors 
devoid of any undesired interaction with the ERs. In particular, 
we decided to stop working with aryl-substituted salicylaldox-
imes [10] and 5-aryl-salicylketoximes [19], since they had gener-
ally demonstrated to efficiently bind to ERs, and to expand, instead, 
only the subclass of 4-aryl-salicylketoximes, because we had never 
found any significant ER binding affinity for any of the compounds 
belonging to this subclass (see Fig. 7).

Thus, the second step of our work was to synthesize a focused 
series of salicylketoximes (compounds 4a–m, Fig. 8) by varying only 
the substituents present in meta or para position of the aryl ring in 
position 4 while maintaining the central ketoximic scaffold.

Ketoximes 4a–m were synthesized following a common gen-
eral synthetic scheme (see Fig. 9). The synthesis starts from 
3-bromo-phenol: the hydroxyl group of this precursor was acyl-
ated with sodium hydride and diethylcarbamoyl chloride to get 
carbamate 6, which was subjected to an ortho lithiation step to 
insert with high regioselectivity a chlorine atom in position 2 of the 
phenyl ring. Hydrolysis gave phenol 8, and then this intermediate 
was acetylated to produce compound 9. A Fries rearrangement 
step with aluminum trichloride gave compound 10 in which the 
acetyl group was transposed into position ortho to the phenol 
group. Biaryl compounds 11 were obtained by a Pd-catalyzed 
cross-coupling reaction of 10 with properly substituted arylbo-
ronic acids. Biaryl  compounds bearing a free hydroxyl group, such 

Fig. 6 Binding pose and main interactions of compound 3c docked into the hGLUT1 model

Carlotta Granchi et al.
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as 11c, d, m, were obtained after deprotection of the methoxy 
groups by treatment with boron tribromide. Finally, all the result-
ing acetophenone derivatives 11 were directly transformed into 
the corresponding ketoximes by reaction with hydroxylamine 
hydrochloride. These 4-aryl-substituted ketoximes were exclu-
sively obtained as diastereomers of E configuration in their oxime 
portion, since a highly energetic intramolecular hydrogen bond 
between the phenolic OH group and the nitrogen atom of the 
oxime portion strongly stabilizes this configuration. 1H and 13C 
NMR analysis confirmed this configuration: the 1H NMR chemical 

Fig. 7 Selection of the chemical class of 4-aryl-salicylketoximes as potential GLUT1 inhibitors, because they 
are devoid of any significant binding affinities for ERs

Fig. 8 Newly synthesized 4-aryl-substituted salicylketoximes 4a–m

The Making of GLUT Inhibitorss



102

shift (δ) values of the ketoximic methyl protons 
(2.40 ≤ δ ≤ 2.43 ppm) and the 13C NMR δ values of the ketoximic 
methyl carbon atom (10.91 ≤ δ ≤ 10.96 ppm) are in agreement 
with those reported for the E isomers of similar methylketoxime 
derivatives [20].

The newly synthesized ketoximes were screened for inhibition 
of glucose transport through GLUT1 by a glucose uptake assay 
and were also subjected to an antiproliferative assay in H1299 
cancer cells, similarly to the previous group of oxime derivatives. 
Among the new compounds derivatives 4c, 4d, and 4m produced 
a significant reduction of glucose uptake, reducing it below 20 % at 
a 30 μM concentration (grey bars, see Fig. 10). These potent 
compounds also showed good cytotoxic activities (black bars, 
see Fig. 10), in particular compound 4c. There is a general parallel-
ism between GLUT1 inhibitory potency and antiproliferative 
effect, with some exceptions such as compound 4d because it 
displays the highest potency as GLUT1 inhibitor, but a relatively 
low cytotoxicity.

Further studies on the three most potent inhibitors of glucose 
uptake at various concentrations allowed the determination of IC50 
values (see Table 2). We can observe that compounds 4c and 4m 
have IC50 values of about 11–16 μM as glucose uptake inhibitors. 

Fig. 9 Synthesis of salicylketoximes 4a–m. Reagents and conditions: (a) NaH, N,N-diethylcarbamoylchloride, 
THF, RT, 3 h; (b) (1) nBuLi, (iPr)2NH, THF, 0 to −78 °C, 1 h; (2) C2Cl6, THF, 30 min; (c) NaOH, EtOH, reflux, over-
night; (d) NaOH, acetyl chloride, TBAHS, dioxane, 1 h, RT; (e) AlCl3, 130 °C, 3 h; (f) ArB(OH)2, Pd(OAc)2, PPh3, aq. 
2M Na2CO3, 1:1 toluene/EtOH, 100 °C, 16 h; or ArB(OH)2, Pd(OAc)2, PPh3, solid K2CO, toluene, 100 °C, 24 h; (g) 
BBr3, CH2Cl2, −78 to 0 °C, 1 h; (h) NH2OH·HCl, EtOH-H2O, 50 °C, 16 h

Carlotta Granchi et al.
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These are comparable or even slightly better than those of refer-
ence GLUT1 inhibitors (see Table 1). Furthermore, 4d proved to 
be the most potent inhibitor with an IC50 of 7 μM. In the cytotox-
icity assay, the IC50 values of these three ketoximes are in the range 
of 18–46 μM, with compound 4c being the most potent, showing 

Fig. 10 Inhibition percentage of cell viability (black bars) and of glucose uptake (grey bars) in H1299 cancer 
cells by compounds 4a–m

Table 2 
Inhibitory activities on glucose uptake and cell growth (H1299) and relative binding affinities (RBA) 
for the estrogen receptors α and β of compounds 4c, 4d, and 4m

Compounds

IC50 (μM) RBA (%)a

Glucose uptake Cell viability hERα hERβ

4c 15.7 ± 2.0 17.8 ± 2.8 < 0.001 0.003 ± 0.001

4d  7.0 ± 2.0 45.8 ± 7.4 0.008 ± 0.002 0.010 ± 0.002

4m 11.1 ± 2.6 30.3 ± 5.9 0.018 ± 0.004 0.034 ± 0.004
aDetermined by a competitive radiometric binding assay with [3H]estradiol, estradiol is set as 100 % [21, 22]

The Making of GLUT Inhibitorss
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a stronger antiproliferative effect than that of reference GLUT1 
inhibitors.

In order to assess possible cross-activities of these compounds 
(4c, d, m) on the estrogen receptors, their binding affinities for the 
two estrogen receptor subtypes α and β were tested and, fortu-
nately, turned out to be negligible, thus confirming the selectivity 
of these 4-aryl-substituted salicylketoximes for GLUT1 over ERs 
(see Table 2). A structure-activity relationship (SAR) analysis 
revealed the importance of a free phenolic group that is present in 
para (4d, 4m) or meta (4c) position of the 4-phenyl substituent 
for an efficient GLUT1 inhibition. The activity was maintained 
with the insertion of a meta-chloro (4d) or meta-methyl group 
(4m), whereas the presence of different substituents such as fluo-
rine, trifluoromethyl, trifluoromethoxy, methoxy, and cyano led to 
less active compounds (see Figs. 8 and 10).

In order to confirm the mechanism of action of these GLUT1 
inhibitors, a fluorescent glucose analogue 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxy-d-glucose (2-NBDG) was 
used. 2-NBDG is a suitable probe for the detection of glucose 
taken up by cells, and it is used to visualize and quantify the inhi-
bition of glucose uptake in cancer cells by fluorescence micros-
copy. Non-small-cell lung cancer A549 cells were treated with 
30 μM of compounds or control inhibitor phloretin in a glucose-
free medium; after 30 min cells were treated with 2-NBDG 
(50 μM) and the Hoechst 33,342 dye (1 μg mL−1) which is used 
to stain DNA. After 15 min, the cells were washed and the intracel-
lular accumulation of fluorescent 2-NBDG (excitation wavelength 
at 488 nm) was observed using a confocal laser scanning micro-
scope. We decided to analyze in this assay only salicylketoximes 3b, 
4c, 4d, and 4m, which are the most potent GLUT1 inhibitors of 
this oxime-based series of compounds, and are devoid of any sig-
nificant binding to the ERs. Therefore, compound 3c, which 
showed a certain activity on ERβ (RBA = 0.123 %), was excluded 
from this study. In these experiments a reduction of green fluores-
cence of the cytosol maintaining the same nuclear blue fluorescence 
was particularly evident in treated cells when compared to control 
(only vehicle), and this effect is due to the reduction of 2-NBDG 
uptake by cancer cells, which is more evident than that caused by 
phloretin, a reference GLUT1 inhibitor. The mean fluorescence 
intensities of about 100 cells were measured to quantify these 
effects (see Fig. 11): these data confirmed that all the ketoximes 
exert a more potent effect than that of phloretin (residual fluores-
cence ranging from 33 to 53 %). In particular, the most active 
compound is 4m, which is able to reduce the cellular uptake of 
2-NBDG of about 70 %, whereas phloretin reduced the uptake 
only of 30 %.

Carlotta Granchi et al.
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In order to analyze the binding mode of these compounds, the 
most promising GLUT1 inhibitors were docked into our hGLUT1 
homology model. Figure 12 shows the main interactions of com-
pound 4m. Similarly to 3c, the oxime hydroxy group forms an 
H-bond with the carbonyl backbone of Q397. The phenolic 
hydroxyl in position 2 participates to two H-bonds with the 
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Fig. 11 2-NBDG uptake percentage in A549 cancer cells in the presence of com-
pounds 3b, 4c, 4d, and 4m and phloretin

Fig. 12 Docking analysis of compound 4m into the hGLUT1 model
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carbonyl backbone of E146 and the nitrogen backbone of R212, 
respectively. The ketoximic central scaffold shows a π-arginine 
stacking interaction with R212, whereas the chlorine atom present 
in the central scaffold is inserted into a polar pocket mainly delim-
ited by S148 and R232. The aryl substituent in position 4 of 
the central ring showed a lipophilic interaction with F460, the 
p-hydroxy groups participated to a network of H-bonds with 
the nitrogen backbone of F460 and the carbonyl backbone of 
P149, and, finally, the methyl substituent displays a good lipophilic 
interaction with the methyl group of T459.

Most importantly, when compared to compound 3c, the 
presence of the methyl substituent in 4m determined a decrease of 
its affinity for ERβ (see Tables 1 and 2), thus increasing its specific-
ity for GLUT1. In order to explain the differential ERβ binding 
affinity of 4m and 3c, a molecular modeling analysis was carried 
out and the docking of compound 4m into the ligand-binding cav-
ity of ERβ is shown in Fig. 13. The resulting binding pose displays 
the following features: the pseudocycle/oxime system forms 
H-bonds with H475 and the backbone carbonyl of G472; the 
chlorine atom is inserted into the lipophilic pocket delimited by 
A302, W335, M336, and L339; and the phenol-type para-OH 
group is involved in a H-bond network that includes E305, R346, 
and a water molecule. All these interactions are similar to those 
found for compound 3c. However, the presence of an additional 
methyl substituent in compound 4m determines a lower polariza-
tion degree of the phenol OH group (lower acidity), thus reducing 
the strength of its interactions with the E305/R346/water system 
in the ERβ-binding site, when compared to 3c.

Fig. 13 Docking analysis of compound 4m into ERβ

Carlotta Granchi et al.
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4 Conclusions

A new chemical class of GLUT1 inhibitors was designed starting 
from an initial structural similarity approach, where some common 
pharmacophoric features were identified between previously 
reported GLUT1 inhibitors and an in-house-developed class of 
ERβ ligands. The molecular design was aided by the development 
of an in silico model of GLUT1, which indicates a preferential 
binding pocket for the oxime class within this transporter, which is 
located close to the intracellular portion of the protein. An analysis 
of the most relevant interactions between these first inhibitors and the 
protein residues was useful in the rationalization of the experimen-
tally found results, which were determined by means of a glucose 
uptake assay in cancer cells overexpressing GLUT1 (H1299), together 
with a cytotoxicity test in the same cell line. Then, keeping in mind that 
any undesired interaction with ERβ had to be avoided, a specific 
structural selection of the chemical subclass of 4-aryl-substituted 
salicylketoxime derivatives led to the production of novel molecules 
that proved to significantly interfere with glucose uptake and via-
bility in cancer cells, with negligible interactions with the ERs. The 
synthesis of these new oxime derivatives was straightforward 
and produced a relevant number of analogues in a relatively short 
time, so that a satisfactory structure-activity relationship analysis 
could be done. A visualization of the efficient inhibition of 
the uptake of a fluorescent glucose analogue (2-NBDG) operated 
by some selected oxime derivatives further confirmed their mechanism 
of action.
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Chapter 9

Applying Microfluidic Systems to Study Effects of Glucose 
at Single-Cell Level

Niek Welkenhuysen, Caroline B. Adiels, Mattias Goksör, 
and Stefan Hohmann

Abstract

Microfluidic systems in combination with microscopy (e.g., fluorescence) can be a powerful tool to study, 
at single-cell level, the behavior and morphology of biological cells after uptake of glucose. Here, we briefly 
discuss the advantages of using microfluidic systems. We further describe how microfluidic systems are 
fabricated and how they are utilized. Finally, we discuss how the large amount of data can be analyzed in 
a “semi-automatic” manner using custom-made software. In summary, we provide a guide to how to use 
microfluidic systems in single-cell studies.

Key words Microfluidic system, Optical tweezers, Fluorescence microscopy, Microbiology, Single cell 
analysis, Glucose uptake, Saccharomyces cerevisiae

1 Introduction

The development of microfluidic systems has been seminal for the 
development of single-cell analysis techniques. Microfluidic sys-
tems offer the experimentalist the advantage of incubating cells in 
a controlled and constant environment (e.g., growth media). It 
further offers the possibility to rapidly and reliably switch between 
media with different compositions (e.g., growth medium contain-
ing high versus low glucose concentrations). Therefore, microflu-
idic techniques have become important tools to study the effect of 
changing conditions on biological cells. In our studies, we use pro-
teins tagged with fluorescent reporters to study the activation of 
certain glucose signaling pathways in yeast Saccharomyces cerevi-
siae. By changing the extracellular glucose concentration, down-
stream pathway activation results in altered intracellular protein 
localization, which in turn can be tracked by imaging [1]. In a typi-
cal experiment two tagged proteins are used: Nrd1 fused to the red 
fluorescent protein mCherry and Mig1 bound to GFP. Nrd1 is 
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always localized in the nucleus [2] (see Fig. 1), while Mig1 is a 
transcription factor that translocates to the nucleus when glucose is 
taken up into the cell. Mig1 is hence employed as readout for the 
activity of the glucose repression-signaling pathway [3].

In the microfluidic experiments explained herein, glucose uptake 
is controlled by either steering the glucose concentration in the media 
or using yeast strain with glucose uptake capacities altered compared 
with the wild-type cell [4, 5]. Microfluidic systems to study the influ-
ence of the uptake of glucose on cellular processes and signaling have 
already been applied in research on the yeast Saccharomyces cerevisiae 
as well as on mammalian cells [1, 6, 7]. In our experiments, we employ 
a three-inlet channel device, in which cells are introduced into one 
channel and the two remaining channels are used to switch between 
media (see Fig. 2). Cells are trapped within the device by optical twee-
zers and immobilized by adhering to the concanavalin A-coated glass 
surface of the channel. Our microfluidic setup can change glucose 
concentration in less than 2 s, a requirement when studying rapidly 
activated pathways such as glucose signaling [8].

Other types of microfluidic setup and methods of immobiliza-
tion are possible, but almost all have in common that they represent 
capillary systems in the micrometer scales. Due to the small dimen-
sions, the flow behavior is in the laminar regime; hence a sharp con-
centration gradient will be created in the junction of the three inlets. 
As a result, microfluidic devices offer a superior performance due to 
spatial and temporal resolution. The volumes typically processed are 
in the nano- and pico-liter range; hence the sample and reagent con-
sumption is small, which in turn lowers the experimental costs. 
Furthermore, the efficiency is often increased compared to traditional 
biological methodology and on-chip treatments otherwise impossible 

Fig. 1 Three-inlet channel microfluidic device. Cells are injected through the cell suspension inlet, trapped by 
the optical tweezers, and placed in the cell placement area. Which environment the cells will experience will 
depend on the flow velocities in the different inlets. The cell suspension and neutral inlet contain the media in 
which the cells are grown in, and the stress inlet contains the altered media in which the cell environment will 
be switched to (i.e., altered glucose concentration)

Niek Welkenhuysen et al.
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to perform can be executed [9]. A very common biocompatible 
material used in the fabrication of microfluidic systems is the soft 
polymer polydimethylsiloxane (PDMS). This polymer is very suitable 
for optical studies of biological systems since it is transparent, perme-
able to gasses such as oxygen (but not fluids), and chemically inert, 
and has widely controllable mechanical characteristics [10].

The process of using microfluidic systems in combination with 
fluorescence microscopy can be described as three distinct steps: (i) 
microfluidic system production, (ii) utilization, and, finally, (iii) 
analysis of the acquired data. Microfluidic system fabrication and 
utilization will be discussed in a more comprehensive manner. For 
data analysis we will restrict ourselves to suggestions of software 
and algorithms that can be utilized for a “semi-automatic” analysis 
of large data sets of images. The growth conditions and the media 
we describe apply to experiments on the yeast Saccharomyces cere-
visiae. Other single-cell organisms and cells from cell cultures 
might need other growth media and conditions and therefore have 
to be adapted to the biological model used.

2 Materials

 1. Air pistol attached to nitrogen source (gas).
 2. Chromium mask (Ångström Microstructure Laboratory).
 3. Dissection microscope.

2.1 Microfluidic 
Device Fabrication
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Fig. 2 Typical single-cell data. The upper panel shows time-lapse images of one cell from the transmission, Nrd1-
mCherry and Mig1-GFP channel. The lower panel shows the fluorescence trace of the single cell over time, given 
as the ratio of Mig1 intensity in the nucleus to whole cell. A normal experiment tracks approximately 30–40 cells
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 4. Desiccator.
 5. Hot plate.
 6. Isopropanol, 99.5 %.
 7. Photoresist: SU-8 2025.
 8. Plasma chamber: PDC-32G.
 9. Plastic Pasteur pipette.
 10. Plastic syringes: 1 mL.
 11. Shaking incubator.
 12. Silicon rubber polydimethylsiloxane (PDMS) Sylgard 184 

2-component kit.
 13. Silicon wafer, 3″ (Si-Mat Silicon Materials).
 14. Spin processor (Laurell Technologies).
 15. SU–8 developer.
 16. Syringe needles, Sterican 27-gauge 0.40 × 20 mm.
 17. Microbore PTFE Tubing, 0.012″ID × 0.030″OD.
 18. UV exposure, 140,001 UV-light source-vacuum: This is a 

simplified and cheaper substitute for a mask aligner.

 1. Air pistol attached to nitrogen source (gas).
 2. Concanavalin A solution: 1 mg/mL concanavalin A, 10 mM 

Tris–HCl, 100 mM NaCl and is adjusted to pH 8.0 by adding 
HCl (see Note 1).

 3. Hamilton glass syringes, 250 μL (see Note 2): The volume of 
the glass needles depends on the temporal length of the exper-
iment and working flow of the pumps.

 4. Microbore PTFE Tubing, 0.012″ID × 0.030″OD.
 5. Optical density meter.
 6. Plastic syringes, 1 mL.
 7. Sterile medical needles, syringe needle gauge depends on the 

size of the tubing.
 8. Syringe pumps.
 9. Tweezers or forceps.
 10. YNB without amino acids: For 1 L YNB; dissolve 1.7 g yeast 

nitrogen base and 5 g (NH4)2SO4 in 800 mL ddH2O. Adjust 
pH value to 5.8, and autoclave appropriately. After autoclav-
ing the solution, let it cool down and bring to the appropriate 
carbon source concentration from a sterile stock solution (for 
example: 100 mL of a 20 % w/v glucose/dextrose stock solu-
tion to have a final concentration of 2 %) and add the required 
amount of amino acids to the solution. Finally, dilute to a final 
volume to 1 L with sterile ddH2O (see Note 3).

2.2 Microfluidic 
Utilization
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 11. For the imaging, an epifluorescence microscope is required 
(see Note 4). Images are acquired using a 14-bit dynamic 
range EM-CCD camera. A fluorescence light source is used 
together with a GFP filter cube (472/30 nm exciter, 
520/35 nm emitter, and 495LP dichroic mirror) and a 
mCherry filter cube (560/40 nm exciter, 630/75 nm emitter, 
and 585LP dichroic mirror, ET-Texas Red). The exposure 
time for the transmission is 27 ms. As mentioned before, for 
our glucose uptake experiments we often follow the localiza-
tion of two proteins tagged with either mCherry or GFP as 
fluorescent marker, and the exposure times used for these flu-
orescent signals were 150 ms and 300 ms, respectively.

 12. For the trapping of the single cells we apply optical tweezers. 
An extension of the 1070 nm ytterbium fiber laser (YLD-5-
LP-IPG laser) was used (see Note 5).

3 Methods

In this paragraph, the fabrication method for the microfluidic 
devices is described in detail. The completed device is shown in 
Fig. 3 and consists of PDMS covalently bonded to a thin cover 
glass. To fabricate a microfluidic device, a master corresponding to 
the designed pattern of interest is created by a technique called soft 
photolithography. The lithographic master is used as a mold for 
the PDMS. To facilitate a tight junction between the finished 
PDMS device and tubing, the access holes are not drilled, but 
formed already at the molding stage. This is to assure that no cracks 
are generated that could cause leakage to occur. By using a guider 
in the molding process, a lid with pre-drilled holes can be used in 
which flattened needles are inserted (see Fig. 4). After polymeriza-
tion, the PDMS is peeled off the master, access holes are cleaned, 
and thereafter the device is sealed to a cover glass in a plasma cham-
ber. The master is reused several times while the resulting PDMS 
device is only used once and then discarded.

 1. Create the channel design of interest using a CAD program or 
a similar one (see Note 6).

 2. The corresponding chromium mask is printed by e-beam 
lithography. The places where the channels are supposed to be 
are left opaque, while the rest is black.

 3. Gently clean a silicon wafer with nitrogen gas (see Note 7). 
Carefully place the wafer in a spin coater and spin coat an 
appropriate amount of SU-8 2025 on top of it. Make sure to 
perform this step in a fume hood. The photo resist is a pho-
topolymer that changes its properties when exposed to light; 
SU-8 2025 is a negative photoresist, which cross-links when 

3.1 Microfluidic 
Device Fabrication
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Fig. 3 The ready-to-use microfluidic device. The transparent microfluidic device 
covalently bonded to a coverslip and connected to three glass syringes through 
plastic tubing

Fig. 4 Image of the molding process. The lid with pre-drilled holes for the needles 
(top transparent part) fits into the guider (metallic parts). Four flattened needles 
are inserted into the lid all the way down to the wafer, corresponding to the inlet 
and outlet holes of the microfluidic device

Niek Welkenhuysen et al.
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exposed to UV. Depending on which thickness of the photo 
resist (i.e., the height of you channels) is desired, different 
viscosities and spin speeds can be used (see data sheet of 
SU-8). For our purpose, the 27 μm thick layer is chosen, 
which can be achieved by using the following program; 
accelerate from 0 to 500 rpm for 5 s, and then at 3750 rpm 
for 30 s (acceleration 118 rpm/s).

 4. To dissolve the solvents and densify the photo resist, progres-
sively heat the master on a hot plate (prebake). Again, baking 
times will have to be adjusted for each respective thickness. We 
use 2–3 min at 65 °C and 5–6 min at 95 °C.

 5. Expose the SU-8 spun wafer with the chromium mask on top 
to collimated light at 350–400 nm, preferably using a mask 
aligner or similarly. The appropriate exposure times can be 
found in the SU-8 data sheet. In our setup, we have found 
10 min sufficient for achieving stable masters.

 6. To initiate polymerization of the exposed photo resist, post-
bake as before first at 65 °C and then at 95 °C according to the 
SU-8 data sheet. For 27 μm high channels, 1 min and 5–6 min, 
respectively, have proven sufficient.

 7. Make sure to let the master cool slightly before immersing it 
into the developer solution, preferably under shaking. After 
exposure to light and developer, the photo resist is highly 
cross-linked and highly resistant to chemicals, hence the name 
photoresist. This step should be performed in a fume hood. 
Be careful not to overexpose, since this will lead to unstable 
reliefs. The actual exposure times are to be found in the SU-8 
data sheet. We let the master soak for 4–5 min to dissolve all 
remnant photo resist not polymerized.

 8. Rinse the master with isopropanol the remove the photoresist 
that has not been exposed to light. If a white precipitate is formed, 
continue developing a few more minutes. If not, gently blow-dry 
the master with nitrogen gas. Check the master for impurities and 
imperfections using a, for instance, low-magnification dissection 
microscope. If approved, the master is now finished and the sec-
ond part of the device production can be initiated.

 9. Pour PDMS base and curing agent in a 10:1 weight ratio in a 
plastic beaker and stir.

 10. Degas the mixture in a desiccator until gas bubbles disappear 
(see Note 8).

 11. Place the guider, if at hand (custom-made equipment), on top 
of the channel inlets (see Note 9).

Applying Microfluidic Systems to Study Effects of Glucose at Single-Cell Level
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 12. Pour the PDMS onto the master using a plastic Pasteur 
pipette. Since no adapters are used for the tubing, the result-
ing device requires a minimum thickness off about 6–8 mm. 
Insert flattened needles into the lid placed on the guider and 
incubate at 95 °C for 1 h.

 13. Pull out the PDMS from the guider and lift it off the master 
(see Note 10). Trim the access holes with some tweezers under 
magnification, rinse with isopropanol and dry using nitrogen 
gas. Then place it upside down (channels facing the air) on a 
clean coverslip.

 14. Treat the PDMS and yet another clean coverslip with air 
plasma for 30 s in the plasma chamber (see Note 11).

In this paragraph, we describe the utilization of the microfluidics 
system. Briefly, the PDMS system is connected to low-resistance 
glass syringes, by tubing, which is directly fastened into the inlet 
holes of the device. A syringe pump generates flow through the 
channels. The outlet hole is just left as it is, and any flow-through 
material will collect as a droplet on the surface of the PDMS device. 
The channels within this particular device are shaped as a trident 
and are 27 μm high, spanning from 100 to 400 μm in width, and 
their lengths are on the cm scale (see Fig. 1).

 1. On the day before the experiment start a pre-culture at 30 °C; 
for a fast-growing culture (for example, growth on glucose) 
start culture with an optical density (OD) of 0.002–0.005. For 
a culture that is not expected to grow fast (for example, growth 
on ethanol) start with an OD that is between 0.05 and 0.08. 
The OD on the day for the experiment should be between 0.5 
and 1 for the fast-growing culture and for slow-growing cul-
tures 0.3 and 0.7 (see Note 12).

 2. Cut the appropriate amount of polytetrafluoroethylene tubes to 
the correct length depending on the distance between the flow 
pumps and the microscope (see Note 13). To attach the tubes 
to the syringes the tubes are pulled over a needle (see Note 14).

 3. Fill a plastic syringe with concanavalin A solution. A tube is 
attached to the syringe and inserted into the outlet of the channel. 
Fill the system with concanavalin A solution until drops appear on 
the inlet channels of the system. Pretreat the microfluidic device 
with the concanavalin A solution for at least 30 min, as this is the 
required time to saturate the glass surface of the channel.

 4. Clean the other tubes by flushing them with a small amount of 
the culture media to remove chemical, organic, and inorganic 
contamination (see Note 15).

 5. The glass syringes are cleaned by loading and unloading three 
times with deionized water, once with ethanol or isopropanol 

3.2 Microfluidic 
Usage
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and finally again with deionized water. Blow the syringes dry 
with nitrogen.

 6. Pre-charge both the tubes and syringes with the culture media. 
Make sure that no air bubbles are left in the tubes or in the 
syringes (see Note 16).

 7. Attach the tubes to the syringes. Prefill the base of the needle 
with the culture media such that no air is trapped in between 
the tube and the syringe (see Fig. 5).

 8. Plug the tubing into the device inlets. Put a small drop of 
media on the channel inlet and gently put pressure on the 
syringe while inserting the tube in the device inlet in order 
to minimize the chance of air getting trapped in the sys-
tem (see Note 16). Start with the “neutral” media, then 
the “stress” media, and finally the cell suspension (see 
Notes 17 and 18).

 9. Put the microfluidic device on the microscopic stage (see 
Note 19) and load the glass syringes into the pump.

 10. A syringe pump drives the flow. Install the syringes in the pres-
sure pump and initiate the flow. The flow is set, in our case, to 
320 nL/min for the cell inlet and the neutral inlet, while the 
inlet for the stress media is 160 nL/min. The flow in the 
“stress” media is much lower than the flow in the cell and 
neutral input in order not to contaminate the area in the 
microfluidics system with the cells and hence preexpose the 
cells to non-intended environment.

 11. In our case, the cells are placed in the cell area with the help of 
optical tweezers (see Note 5). The laser is turned on at 0.9 A 
and 0.4 W. Cells are kept trapped in the optical tweezers as 
short as possible since the laser might cause stress or damage 

Fig. 5 Attaching the needle to the syringe. To avoid bubbles in the syringe, prefill 
the base of the needle with the liquid from the syringe. This should avoid air get-
ting trapped in the base of the needle
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to the cells. The cell placement is performed automatically. 
The cells are placed in 6 × 6 cell array with a distance of 10 μm 
along the x-axis and 8 μm along the y-axis.
After positioning of the cell, the image acquisition is initiated 
(see Note 20).

 12. In our setup the imaging acquisition, the exact flow rates, 
through the syringe pumps, and the position of the micro-
scope stage (in case optical trapping is used) are controlled by 
the microscope software OpenLab (Improvision Inc.) and the 
OpenLab Automator extension of the OpenLab software. In 
our experiments, we acquired images at different time points 
(at 30 s before the shift, at the shift, at 60 s, every 60 s for 
420 s, every 120 s for 360 s, and every 180 s for 360 s after the 
shift); this sampling rate would not have been achieved with-
out automatization of the whole process.

Time-lapse single-cell studies with microfluidics provide a large 
amount of data. Manual analysis of this data is time ineffective, 
inaccurate, and often biased. Therefore, it is strongly advised to 
utilize specialized analysis software for this.

Most important is that the algorithm is able to identify the 
contours of the cell. This allows identifying cell morphology 
parameters such as size and shape in transmission images and 
also allows analyzing protein abundance and localization if 
combined with fluorescence images. In computing programs 
such as Matlab® or ImageJ it is also possible to write segmenta-
tion and analysis scripts. A set of instructions on how to s egment 
cells can be easily found online. However, own scripts are often 
inadequate and much slower than the available segmentation 
software. There are several noncommercial software programs 
and algorithms available for semiautomated image analysis (see 
Note 21).

4 Notes

 1. We find it optimal to add the concanavalin A fresh to the buf-
fer solution.

 2. Other types of glass needles can be used but it is important 
that the material is glass due to technical reasons.

 3. In order to avoid contaminants, such as fibers from clothing, 
which can obstruct the tubes or the microfluidics device filter 
all media and solutions.

 4. We use a Leica DMI 6000B inverted epifluorescence micro-
scope containing a motorized xy-stage.

3.3 Data Analysis
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 5. For the trapping of the single cells we apply optical tweezers; 
other strategies of trapping and immobilizing single cells are 
also available and can be used [8, 11].

 6. The flow in the “stress” media will be much lower than the flow 
in the cell and neutral input in order not to contaminate the area 
in the microfluidics system where the cells are (i.e., cell place-
ment area) and hence pre-expose the cells to non-intended envi-
ronment (see Fig. 1). This area needs to be evaluated and 
estimated via flow simulations using, e.g., COMSOL Multiphysics 
to know exactly the distribution of the diffusion gradients [8].

 7. Be careful not to use too high pressure from the nitrogen pis-
tol. Around 1 bar is sufficient.

 8. Slowly release the air valve of the desiccator to avoid the 
PDMS holder to fall over.

 9. Include markings on the CAD design where to place the 
guider during this step.

 10. This can be a bit tricky. Use a scalpel and tweezers. Carefully 
start bending the PDMS off the master in one corner and 
work around the whole guider until the PDMS is completely 
relieved from the silicon surface.

 11. Make sure to use the correct plasma by adjusting the color to 
deep pinkish purple.

 12. If the cell culture has not grown sufficiently and the cell density 
is too low, it is possible to spin the culture briefly at low speed. 
A loose pellet of cells will be created in the bottom and the cell 
suspension can be concentrated by removing supernatant.

 13. When cutting the tubes, use a sharp scalpel knife. Avoid too 
much pressure on the tube to cut it, as this can deform the 
tube and affect the flow.

 14. Using tweezers makes it easier to pull the tube over the needle.
 15. If your solutions permit it, filtering them highly decreases the 

probability attaining clogged channels.
 16. Remove all bubbles as they can block tubes or the microfluidic 

device, and also remove cells that possibly have adhered inside the 
microfluidic system. Air bubbles adhered in the needle can be 
removed by tapping on the needle with the exit pointing upwards. 
When the air is in the tip of the needle, eject it. For bubbles 
trapped in the tubing and in microfluidic channels, keep flushing 
until the bubble disappears with the flow of the injected fluid.

 17. Some types of biological cells tend to clump. Vortex or soni-
cate cells briefly just before loading into the microfluidics 
device. Cells that are clumped together might clog up the 
microfluidics device or make the analysis of the images hard.

Applying Microfluidic Systems to Study Effects of Glucose at Single-Cell Level
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 18. Start the experiment as fast as possible after loading the cells 
into the syringe. The cells might sediment in the syringe if no 
pressure is applied for a longer time and the cell suspension 
flow will cease containing cells.

 19. To keep the microfluidic device stable on the microscope stage 
it can be taped with transparent tape or glued to the micro-
scope stage with nail polish. Residual glue or nail polish can be 
easily removed from the microscopic stage with acetone.

 20. A highly dynamic and efficient microfluidic system is achieved 
by automating the whole system (the operation of the flow 
pump and the microscope) through one software.

 21. For the cell analysis program the best segmentation is done 
with transmission images that are slightly defocused. Examples 
of such programs are CellStat [12], CellStress [13], CellX 
[14], and Cell-ID [15]. CellStress uses the contours com-
puted by CellStat and can both measure protein intensity in 
cell compartments and formation of protein aggregation.
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Chapter 10

A Growth-Based Screening System for Hexose 
Transporters in Yeast

Eckhard Boles and Mislav Oreb

Abstract

As the simplest eukaryotic model system, the unicellular yeast Saccharomyces cerevisiae is ideally suited 
for quick and simple functional studies as well as for high-throughput screening. We generated a strain 
deficient for all endogenous hexose transporters, which has been successfully used to clone, characterize, 
and engineer carbohydrate transporters from different source organisms. Here we present basic protocols 
for handling this strain and characterizing sugar transporters heterologously expressed in it.

Key words Sugar transport, EBY.VW4000 strain, Sugar uptake assay, Yeast-screening system

1 Introduction

Characterization of substrate specificities, kinetics, or pharmaco-
logical properties of glucose transporters ideally requires an 
expression system without endogenous glucose uptake activity. 
Moreover, for screening purposes a growth-based system is 
desirable as it provides advantages such as high speed, low costs, 
and easy handling. The yeast Saccharomyces cerevisiae represents 
such a powerful system. Its physiology has been extensively stud-
ied, and its molecular and genetic tools are well established. 
Although yeast cells normally have a multitude of endogenous 
glucose transporters [1], we have constructed a strain in which 
all genes encoding glucose transporters and other transporters 
with glucose uptake activity have been deleted [2]. The strain is 
called the hexose transporter-null (hxt0) strain, EBY.VW4000. 
This strain is no longer able to grow on media with glucose, 
fructose, or mannose as the sole carbon source and grows only 
very poorly with galactose. It does not show any residual glucose 
consumption or glucose uptake activity. Nevertheless, it is still 
able to grow normally with maltose or ethanol as carbon sources, 
which is important for its propagation and cultivation.
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The hxt0 strain has already been used extensively to screen, clone, 
and characterize hexose transporters from a variety of other microor-
ganisms, animal cells, humans, parasites, and plants [3–10]. Moreover, 
derivatives of this strain have been engineered with new metabolic 
pathways enabling the characterization and engineering of transport-
ers for related carbohydrates such as xylose [11–13], arabinose [14], 
polyols [15], sucrose [7], or N-acetylglucosamine [16] by simple 
growth tests and uptake assays using radiolabeled substrates. 
Furthermore, by engineering the hxt0 strain for xylose utilization 
with a simultaneous block of glucose phosphorylation, we were able 
to screen for xylose transport activity in the presence of glucose, a 
feature that has not been found in nature before [17].

Even though the heterologous sugar transporters are sometimes 
not correctly expressed in yeast cells or are not targeted to the plasma 
membrane, the powerful tools of yeast genetics can be used to bypass 
these problems. For instance, the human glucose transporters GLUT1 
and GLUT4 initially did not support growth on glucose when 
expressed in the hxt0 strain [18, 19]. However, after prolonged incu-
bation on a glucose-containing medium, suppressor colonies appeared 
that obviously had acquired mutations enabling the human GLUT 
transporters to support growth of the hxt0 strain on glucose [3]. 
Genetic analysis showed that this was due to mutations either in the 
GLUT transporters themselves or in the yeast genome. For example, 
for functional expression of GLUT1 in the yeast plasma membrane, a 
C-terminal truncation of the Efr3 (equal to Fgy1) phosphoinositide 
4-kinase assembly protein turned out to be necessary. Moreover, for 
the relocation of human GLUT4 from the yeast endoplasmatic reticu-
lum to the plasma membrane, perturbations in the ergosterol biosyn-
thetic pathway (e.g., erg4/fgy4 disruption) were required [3; our 
unpublished results].

Here, we present and comment on the methods that are neces-
sary to screen for and to characterize heterologous glucose trans-
porters in the yeast hxt0 strain.

2 Materials

The hxt0 strain EBY.VW4000, a suitable yeast expression vector 
(see Note 1) and a plasmid encoding a yeast glucose transporter as 
a positive control, can be obtained on request from the authors.

Prepare all media and buffers using ultrapure water and ana-
lytical grade reagents.

 1. YPM medium: 10 g/L Yeast extract, 20 g/L bactopeptone, 
10 g/L maltose. It is recommended to separately autoclave 
the YP base and a 100 g/L maltose solution and mix them 
(9:1) after cooling down to 60 °C or a lower temperature 
(see Note 2).

2.1 Maintenance, 
Transformation, 
and Cultivation 
of the hxt0 Strain

Eckhard Boles and Mislav Oreb
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 2. Synthetic complete (SC) selective medium (see Note 3): 
1.7 g/L Yeast nitrogen base, 5 g/L ammonium-sulfate, 
11.2 mg/L adenine, 38.4 mg/L arginine, 57.6 mg/L isoleu-
cine, 57.6 mg/L lysine, 38.4 mg/L methionine, 48.0 mg/L 
phenylalanine, 57.6 mg/L threonine, 14.4 mg/L tyrosine, 
57.6 mg/L valine. 26.5 mg/L Histidine, 57.6 mg/L leucine, 
19.0 mg/L tryptophan, and/or 19.2 mg/L uracil are added 
depending on the selective marker of the plasmids used. For 
example, uracil is omitted for the selection of cells transformed 
with a URA3-based plasmid. The pH value is adjusted with 
KOH buffer to 6.3 after mixing all components (see Note 4). 
10 g/L Maltose, 20 g/L glucose, or other carbohydrates of 
interest are added from separately autoclaved (e.g., 10× con-
centrated) stock solutions (see above and see Note 2). For agar 
plates, add 20 g/L agar.

 3. Master-mix for transformation: Sufficient for n + 1 samples; 
240 μL of 50 % w/v PEG 3350, 36 μL of 1 M lithium acetate, 
50 μL of 2 mg/mL salmon sperm single stranded carrier DNA 
(see Note 5).

 4. Sterile velvet cloths and a pad for replica plating of 10 cm 
agar plates.

 1. Commercial kits for high-fidelity PCR, DNA purification, and 
plasmid preparation.

 2. Acid-washed glass beads (0.45 mm).
 3. Reagents and media for E. coli transformation according to 

standard molecular biology methods.

 1. A Büchner funnel with a valve, a Büchner flask, a Woulff’s 
bottle, stand clamps.

 2. An electrical vacuum pump.
 3. A heating device for 1.5 mL tubes or a water bath.
 4. 50–300 mCi/mmol, 0.1 mCi/mL 14C-labeled sugar.
 5. Unlabeled sugar solution (see Note 6).
 6. Cooled (4 °C) centrifuges for 50 mL tubes.
 7. Phosphate buffer: Prepare 1 M KH2PO4 stock solution (adjust 

with KOH to pH 6.5 before filling up to final volume), auto-
clave. Dilute to a 0.1 M working solution (control the pH and 
adjust with KOH to pH 6.5 before filling up to final volume).

 8. Quenching buffer: 500 mM Sugar (unlabeled), 0.1 M KiPO4, 
pH 6.5.

 9. PVDF membrane filters, 0.22 μm pore size, 47 mm diameter.
 10. Scintillation counter vials (e.g., 20 mL LDPE vials).

2.2 Plasmid 
Construction

2.3 Sugar Uptake 
Assays

Sugar Uptake Assay Applying Yeast
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 11. Scintillation cocktail (e.g., plus LSC universal cocktail).
 12. A freeze-dryer
 13. Pipettes (10 μL, 100 μL, 10 mL range), tweezers.

3 Methods

For general yeast genetic and molecular biology methods see Note 7.

We recommend cloning the transporter of interest into a yeast 
expression vector by homologous recombination (HR) cloning (see 
Note 8). However, alternative methods such as classical restriction/
ligation or Gibson assembly can also be used.

 1. Generate a PCR product of the open reading frame encoding 
the transporter of interest flanked by 30–40 bps overhangs 
identical to the promoter and terminator regions of the vector 
(see Note 8). Purify the PCR fragment, e.g., using a commer-
cial kit.

 2. Linearize a yeast expression vector with two restriction 
enzymes cutting between the promoter and terminator 
sequences (see Note 9).

 3. Purify the linearized vector, e.g., using a commercial kit.

The protocol can be up-scaled where necessary, e.g., for screening 
mutagenized plasmid libraries (see Note 10).

 1. Inoculate a 10 mL YPM pre-culture of the hxt0 strain grown 
on an agar plate and incubate overnight at 30 °C on a rotary 
shaker at 180 rpm.

 2. Determine the cell density of the pre-culture by measuring the 
optical density at 600 nm (dilutions should be made above an 
OD600nm of 0.5).

 3. Inoculate 50 mL of pre-warmed YPM medium in a 250 mL 
flask with an OD600nm of about 0.2 and grow the cells at 30 °C 
and 180 rpm until they have undergone two to three divisions 
(OD600nm of about 0.8–1.5 should be reached).

 4. Collect the cells by centrifugation at 3,000 × g for 5 min at 
20 °C in 50 mL tubes.

 5. To remove the residual medium, resuspend the pellet in 25 mL 
of sterile distilled water, and centrifuge again at 3,000 × g for 
5 min at 20 °C.

 6. Prepare the master mix for transformation, depending on the 
number of transformations (n).

 7. Remove the supernatant from step 5 and resuspend the cells 
in 1 mL of sterile distilled water. This suspension is sufficient 

3.1 Preparation 
of a PCR Cassette 
and Linearized Vector

3.2 S. cerevisiae 
Transformation
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for up to ten transformation samples. Prepare the required 
number of 100 μL aliquots in 1.5 mL reaction tubes and cen-
trifuge the cells at 3,000 × g for 1 min at 20 °C. Discard the 
supernatant.

 8. Overlay the pellets in 326 μL of the transformation mixture.
 9. Add 0.1–0.3 μg linearized plasmid, 0.1–0.3 μg of the PCR 

product, and sterile water to a final volume of 360 μL.
 10. Resuspend the cells by vortexing or pipetting. Foaming of the 

mixture should be avoided.
 11. Heat-shock the cells at 42 °C for 30 min without shaking.
 12. Centrifuge the transformation tubes at 3,000 × g for 30 s and 

remove the supernatant with a pipette. Resuspend the cells in 
150 μL of sterile water.

 13. Plate the suspension on agar plates containing selective SC 
medium supplemented with 1 % w/v maltose (see Note 11).

 14. Incubate the plates at 30 °C for 2–3 days (see Note 12).

 1. After obtaining transformants on selective media with malt-
ose, make replica plates of the transformants onto the desired 
hexose-containing agar plates (e.g., glucose, mannose, fruc-
tose, galactose; suggested final concentrations: 2 g/L and 
20 g/L) (see Note 13). A velvet cloth can be replica plated 
successively at least on five further agar plates.

 2. Incubate the replicates for up to 1 week at 30 °C. A compari-
son with the negative (empty plasmid) and positive (HXT 
plasmid) control transformants is crucial for assessing the suc-
cess of the complementation: if the colony number on hexose-
containing media approaches that of the positive control, the 
transporter of interest is likely functional in the hxt0 strain (see 
Note 14).

 3. Regardless of the procedure resulting in hexose-growing colo-
nies, these should be replica plated once more on hexose 
medium to confirm the results. For further experiments (e.g., 
re-isolation of the plasmids) take colonies only from the cor-
responding maltose plates and grow them in selective maltose 
medium. This is absolutely necessary in order to avoid the 
selection of secondary-site mutations accelerating growth on 
hexose media (see Note 11).

 1. Isolate the plasmids from yeast cells by alkaline lysis protocols as 
used for E. coli cells but, in addition, yeast cell walls must be 
broken mechanically. For that purpose, 2/3 volumes of glass 
beads (diameter 0.45 mm) are added to yeast cells after they 
have been suspended in the common three buffers (resuspen-

3.3 Complementation 
Analysis

3.4 Plasmid 
Preparation 
and Analysis
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sion, lysis, and neutralization buffers) for alkaline lysis. The cells 
are broken by vigorous vortexing for 5 min (see Note 15).

 2. After centrifugation of cell debris and glass beads (13,000 × g, 
5 min, 20 °C), the supernatant is subjected to DNA precipita-
tion using isopropanol by standard biochemical protocols. 
Since plasmid preparations from yeast cells yield only very low 
amounts of DNA that are not sufficient for further analysis, 
re-isolated plasmid DNA must first be transformed into E. coli 
(see Note 16) and isolated in larger quantities from the bacte-
rial cells by standard procedures, e.g., using commercial kits.

 3. The amplified plasmids should be transformed back into the 
hxt0 strain or into the plasmid-cured mutant strains, plated first 
on maltose medium, and should confer growth to all transfor-
mants after replica plating on the corresponding hexose-media 
plates.

Most steps of the uptake assay must be performed quickly and it is 
therefore necessary to prepare all devices and materials in advance. 
The working space should be large enough to accommodate all 
equipment and reagents within the reach of the experimenter. 
Despite the short incubation time of the cells with the radiolabeled 
sugar, yeast will produce small amounts of radioactive CO2 during 
the experiment. It is therefore recommended to perform the 
experiment under a fume hood.

Before the experiment, mount a Büchner funnel onto a 
Büchner flask. Connect the Büchner flask with a pump via a 
Woulff’s bottle. Secure the equipment with a stand clamp. For 
smooth handling, practicing the procedure described below with-
out radioactive solutions is strongly recommended.

 1. Grow the hxt0 cells expressing the transporter of interest until 
OD600nm of about 1–2 (the culture volume depends on the 
number of aliquots needed; see steps 6 and 8 below). It is 
important that the cells are in the exponential growth phase.

 2. Prepare the required radiolabeled sugar solutions, which should 
have concentration threefold higher than the concentration to 
be investigated (see Note 17). For each uptake sample, 50 μL of 
the threefold concentrated sugar solution is required.

 3. Harvest the cells by centrifugation, e.g., in 50 mL disposable 
tubes (3,000 × g, 5 min at 20 °C). Weigh the empty tube in 
advance for later determination of the cell fresh weight (step 5).

 4. Resuspend the cells in ice-cold phosphate buffer and centri-
fuge the suspension (3,000 × g for 5 min at 4 °C). Discard the 
supernatant and repeat this washing step. It is important to 
remove the liquid with a pipette completely after the second 
washing step.

3.5 Assays 
for Uptake 
of Radiolabeled 
Sugars
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 5. Weigh the tube with the cell pellet and calculate the fresh cell 
weight (by subtracting the weight of the empty tube deter-
mined in step 3).

 6. Resuspend the pellet in ice-cold phosphate buffer to reach 
60 mg/mL (corresponds roughly to 40 OD600nm Units; this 
should help estimating the culture volume required in step 1; 
also take step 8 into account).

 7. Prepare cell suspension aliquots of 110 μL and keep them on ice.
 8. Keep residual cell suspension (not less than 10 mL) for dry-

weight determination (freeze at −80 °C).
 9. Fill two scintillation counter vials per uptake sample with 5 ml 

scintillation liquid. These can be prepared in advance, but 
note that the liquid is light sensitive.

 10. Set up the uptake reaction (see Note 18): Pre-warm one 
110 μL aliquot of the cell suspension and one 50 μL aliquot of 
the threefold concentrated sugar solution for 5 min at 30 °C.

 11. Insert a filter into the Büchner funnel and overlay it with 
10 mL of ice-cold quenching buffer (pump on, valve closed).

 12. Pipet 100 μL from the cell suspension aliquot into the tube 
containing 50 μL of the threefold concentrated sugar solution. 
Mix quickly by up-and-down pipetting three times. Start count-
ing time beginning from the first contact of both solutions.

 13. Incubate the mixture for 5–20 s (see Note 19).
 14. Pipet 100 μL of the mixture into the Büchner funnel contain-

ing the quenching buffer and filtrate (open the valve of the 
Büchner funnel).

 15. Wash the filter two times with 10 mL of ice-cold quenching 
buffer. The valve should be closed while overlaying the filter 
with the buffer. This ensures that residual cells adsorbed on 
the wall of the funnel are collected.

 16. Using tweezers, transfer the filter into a prepared scintilla-
tion counter vial. Shake the vial vigorously to strip the cells 
from the filter.

 17. Add 10 μL of the residual mixture from step 12 directly into 
another scintillation counter tube. This sample is required to 
determine the total radioactive counts in the uptake mixture.

 18. In order to obtain accurate values for the uptake efficiency, the 
unspecific binding of the radiolabeled sugar to the cell surface 
and the filter must also be determined (below referred to as 
cpmB) for each transformant variant. For the control, skip 
steps 12–14 and pipet 67 μL of the cell suspension and 33 μL 
of the sugar solution sequentially (do not premix) into the 
quenching buffer, and go to steps 15 and 16.
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 19. Insert the vials containing the filters from step 16, vials with 
10 μL of the cell/sugar mixture from step 17, and control 
vials from step 18 into a scintillation counter and determine 
the counts per minute (cpm) in a window of 10 min.

The cell dry weight is most precisely determined by freeze-drying.

 1. A defined volume (not less than 10 mL) of the cell suspension 
(from Subheading 3.5, step 8) should be frozen at −80 °C in 
a 50 mL tube (determine the weight of the empty tube in 
advance). Cap the tube with perforated aluminum foil and 
freeze-dry the cells for 16 h or longer in a freeze-dryer.

 2. To determine the cell dry weight, subtract the weight of the 
empty tube from the total weight of the freeze-dried sample. 
If no freeze-dryer device is available, filtering and subsequent 
heating can perform the cell drying. Weigh a nitrocellulose 
filter (0.45 μm) and insert it into a Büchner funnel (the same 
setup as for the uptake assay can be used). Filter the cell sus-
pension (not less than 10 mL) and wash two times with dis-
tilled water. Heat the filter in the microwave at 140 W for 
15 min. Additionally, dry the filter overnight in a desiccator. 
Weigh the dry filter and subtract the empty filter weight to 
obtain cell dry weight.

The uptake velocity is usually expressed as nmol sugar imported 
per min per mg cell dry weight.

 1. To calculate the amount of intracellular sugar (Si), the counts 
on the filter (cpmF, see step 16, Subheading 3.5) are corrected 
for background binding (cpmB, see step 18, Subheading 3.5) 
and the proportion of the imported sugar is calculated relative 
to the total sugar in the mixture (cpmM, see step 17 in 
Subheading 3.5) (see Note 20):

Si nmol[ ] = −
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 2. The uptake velocity (v) is calculated taking into account the 
incubation time (t, see step 13, Subheading 3.5) and normal-
ized to the cell dry weight (cdw) (see Note 21):
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3.6 Cell Dry Weight 
Determination

3.7 Calculations
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 3. For determination of KM values, v is plotted against the 
sugar concentrations and fitted to the Michaelis-Menten 
equation, preferably by nonlinear regression. Linearization 
approaches such as Eadie-Hofstee or Lineweaver-Burk 
plots may be used as alternatives.

4 Notes

 1. Do not use vectors comprising sugar-regulated promoters, 
such as GAL1, as they are usually subject to catabolite repres-
sion in the presence of glucose.

 2. In this way, a reaction between the sugar and amino acids 
(Maillard reaction), which occurs at high temperatures, is 
prevented.

 3. Other formulations of synthetic media are found in the litera-
ture. In principle, they can also be used, but the variant 
presented here is routinely used in our laboratory.

 4. Avoid using NaOH for any media and solutions to be used for 
EBY.VW4000; the strain is slightly sensitive to sodium.

 5. Prepare as described by Gietz and Schiestl [20].
 6. The concentration depends on the concentration range to be 

investigated and on the solubility of the respective sugar. For 
glucose, we usually prepare a 2 M stock solution, which can be 
used for the preparation of the quenching solution and dilu-
tion of the radiolabeled sugar to the desired specific activity.

 7. General yeast genetic and molecular biology methods have 
been described, e.g., by Guthrie and Fink [21].

 8. We recommend cloning the transporter of interest into a 
yeast expression vector by homologous recombination (HR) 
cloning [22].

 9. The restriction sites do not necessarily have to be directly 
adjacent to the integration sites in the promoter/terminator 
regions, as the overhanging sequence will be removed during 
homologous recombination in vivo.

 10. We have also successfully transformed frozen competent cells 
of EBY.VW4000. See [23].

 11. It is important to perform the transformation and propaga-
tion of the transformants on maltose. Immediate plating on 
hexoses will result in considerably lower numbers of transfor-
mants and could result in suppressor mutations in the EBY.
VW4000 genome. Mixture of sugars (e.g., maltose/glucose) 
should never be used due to their possible interferences in 
the catabolite signaling and as the yeast maltose transporter 
is inhibited by glucose.
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 12. This protocol should typically yield about 100–1000 colonies 
per plate. It is recommended to include the following controls 
into the transformation procedure: (1) one transformation sam-
ple without any DNA (to control the competent cells and 
reagents for contaminations; no colonies should appear); (2) one 
sample with only the linearized plasmid (to control the 
HR-independent re-circularization of the plasmid; not more 
than 5–10 % of the colony number of the transformation includ-
ing the PCR product should appear); (3) one sample with the 
diluted empty circular plasmid (to control the competence of the 
cells and as a negative control for later functional analyses; about 
100–1000 colonies should appear); (4) one tube with a yeast 
HXT control plasmid (as a positive control for functional analy-
ses; about 100–1000 colonies should appear).

 13. We observed that the hxt0 strain expressing heterologous 
transporters grows better on low hexose concentrations. This 
applies especially to glucose. The reason is not known in detail, 
but we speculate that a discrepancy between the high extracel-
lular hexose concentration (as sensed by hexose sensors) and a 
low intracellular concentration (due to inefficient transport 
through a heterologous protein) may negatively affect the 
regulation of the central carbon metabolism. Moreover, col-
ony sizes are not indicative of the preferred substrate specifici-
ties and performances of the transporters.

 14. A certain proportion of the colonies observed on maltose will not 
grow on hexoses due to an unsuccessful assembly of the PCR 
product into the vector. In order to confirm the identity of the 
cloned transporter and propagate the plasmid, a few of the positive 
colonies should be subcultured for plasmid preparation. A small 
number of colonies on hexose medium (less than 1 % of colonies 
observed on maltose) are usually found even in the negative con-
trol transformed with the empty plasmid. This is due to spontane-
ous suppressor mutations in the genome of EBY.VW4000 (e.g., 
due to mutations in the SNF3 glucose sensor gene inducing a nor-
mally silent still unknown glucose transporter). If a comparable 
number of colonies appears with the transporter of interest, the 
cloned transporter is likely not functional in the hxt0 strain. In some 
cases, an intermediate colony number is found; this is indicative of 
mutations occurring either in the transporter sequence or in the 
genome, which render the transporter functional in yeast. For 
instance, mammalian glucose transporter GLUT1 was functional 
in the hxt0 strain only when the transporter gene contained specific 
PCR-born missense substitutions or when the host strain acquired 
an additional genomic mutation, called the fgy1-allele [3]. Both 
type of mutations occur randomly and are selected for on hexose-
containing media. If necessary, the mutation frequency can be 
increased by error-prone PCR of the transporter gene (as 
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described, e.g., by ref. 17) and/or UV mutagenesis of the transfor-
mants (see Fig. 1; the approach has been described by refs [3, 24].).

 15. The cells are broken by vigorous vortexing for 5 min according 
to Boles and Zimmermann [25].

 16. Isolated plasmid DNA must first be transformed into E. coli [26].
 17. The total sugar concentration in the uptake mixture is 

dependent on the purpose of the experiment and on the 
properties of the transporter. For determination of the 
Michaelis constant (KM value), the concentrations should be 
varied within one to three orders of magnitude. Typically, 
seven to ten different concentrations should be measured at 
least in triplicates, whereby saturation of the transporter 
should be reached (if possible). The solutions are prepared 
as a threefold concentrated stock containing a mixture of 

Fig. 1 Workflow for the complementation of the hxt0 strain by the transporter of interest. After co-transformation 
of the hxt0 strain with the linearized vector and the PCR product encoding the transporter of interest, the transfor-
mants are plated on selective media containing maltose. The cells, which have successfully integrated the PCR 
product into the plasmid, will yield colonies. They are subsequently replica plated on selective medium containing 
the sugar of interest (e.g., glucose). If a significant number of colonies grow on this medium, further analyses can 
be performed, but only after isolation, amplification in E. coli, sequence analysis, and re-transformation of verified 
plasmids into the hxt0 strain. If the complementation is not immediately successful (green lines), the ORF of 
the transporter can be subjected to random mutagenesis (e.g., error-prone PCR as described in [17]) and the 
transformation procedure is repeated (red lines). Alternatively or additionally, transformants are collected from 
the maltose medium, resuspended in water, and plated on selective media containing the sugar of interest. 
The cells are subsequently subjected to UV irradiation to mutagenize the plasmid and the genome of the hxt0 
strain (blue lines). The detailed procedure was described by Boles [24]. o.i. = of interest
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radiolabeled and unlabeled sugar, since two volumes of the 
cell suspension are mixed with one volume of the sugar 
solution. Thereby, the specific activity can be varied within a 
wide range. The lower limit we employed in our laboratory 
was in the range of 8 nCi/μmol sugar. It is advised to deter-
mine the sugar concentration range and the optimum spe-
cific activity in a pilot experiment.

 18. Control uptake reactions using cells transformed with the 
empty vector and the HXT plasmid should be performed in 
parallel with each set of experiments.

 19. The time is dependent on the uptake efficiency of the 
respective transporter and should be determined in a pilot 
experiment.

 20. The cpmM should be multiplied by factor 10 to account for the 
different volumes used in steps 14 and 17 in Subheading 3.5. 
The sugar concentration refers to the final concentration after 
mixing the cell suspension with the threefold concentrated 
sugar solution (step 12, Subheading 3.5). The reference vol-
ume is 100 μL (the volume of the filtered cell/sugar mixture 
from step 14, Subheading 3.5).

 21. The cdw must relate to the actual cell mass on the filter (i.e., it 
must correspond to 67 μL of the cell suspension from step 6, 
Subheading 3.5).
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Chapter 11

Identification of Insulin-Activated Rab Proteins in Adipose 
Cells Using Bio-ATB-GTP Photolabeling Technique

Francoise Koumanov and Geoffrey D. Holman

Abstract

We have recently developed a photolabeling method to identify GTP-loaded Rab proteins. The new 
biotinylated GTP analogue (Bio-ATB-GTP) binds to GTP-binding proteins and after a UV irradiation 
a covalent bond is formed between the protein and the photoreactive diazirine group on the photolabel. 
The tagged protein can then be isolated and detected using the classic biotin-streptavidin interaction. In 
this chapter, we describe the Bio-ATB-GTP photolabel and discuss the advantages of using this photo-
labeling approach to detect GTP-loaded Rab proteins compared to other existing methodologies. We 
also describe a step-by-step procedure for detecting the activated state of a Rab protein in primary rat 
adipocytes.

Key words GLUT4, Adipocytes, Rab, Insulin, Trafficking, Membranes, Bio-ATB-GTP

1 Introduction

Insulin is known to facilitate glucose uptake by stimulating the sub-
cellular trafficking of GLUT4 from its intracellular reservoir com-
partment to the plasma membrane of target cells that include adipose, 
heart, and skeletal muscle cells [1]. Recent studies have suggested 
that exocytosis is the main site of stimulated traffic of the membrane 
vesicles that contain GLUT4 transporters [2–5]. The early steps in 
insulin signaling to this process are fairly well resolved; however, the 
mechanisms by which vesicle traffic is linked to GLUT4 vesicle traffic 
remain elusive. Among the stimulatory and linking pathways that 
have been proposed are phosphorylation-induced deactivation of 
Rab GAPs TBC1D1 and the related TBC1D4 and presumed eleva-
tion of the GTP loading of Rab substrates of these GAPs [6–8].

Many of the methods used for studying the activated GTP-
loaded state of small GTPases in cells require detailed knowledge 
of the function and binding of effector proteins. Such effector pro-
teins only bind to the GTP-activated state and therefore binding of 
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these proteins is taken as a marker of the GTP-loaded state. For 
example there a numerous assay methods for well-studied proteins 
such as Ras which binds Raf1 only in its GTP-bound state [9]. 
Such methods are not available for most Rab proteins as the effec-
tor proteins are often unknown. In an attempt to study Rab pro-
teins that are activated by insulin we developed a series of novel 
biotinylated GTP photolabels [10]. The substitution of diazirine 
photoreactive moiety was chosen over an azide, because numerous 
studies have progressively shown that the diazirines offer greater 
selectivity and a cleaner photochemical reaction [11]. On UV irra-
diation the diazirines loose nitrogen and produce a carbene that 
very effectively inserts into target proteins. Azides loose nitrogen 
and produce a nitrene that inserts into proteins, but can also 
undergo many side reactions generating intermediates that react 
electrolytically with targets. Furthermore, diazirines are far more 
chemically stable, which is important in synthesis of intermediate 
products and precursor reagents prior to coupling to GTP, and 
they can be stored for very long periods at 0–4 °C. The biotin 
moiety is very useful and allows isolation of the photolabeled 
G-protein using immobilized streptavidin beads (see Subheading 
3 below) using well-established and extensively used techniques. 
The biotin-ATB is synthesized as an activated ester, usually a 
N-hydroxysuccinimide (see Fig. 1), and is attached through to an 
amine-substituted GTP to form a stable amide linkage. The amine 
on the GTP is linked via an ethylenediamine spacer to the 
2/3-hydroxyl group(s) of the ribose moiety of the GTP. This posi-
tion, for the bulky biotin-ATB substitution, was chosen as the crys-
tal structure of Rab 3 with bound GppNHp suggested that the 
ribose hydroxyls are exposed on the surface of the structure while 
other parts of the nucleotide base and phosphates of the GTP are 
bound deep within the protein with very little available space 
around these regions [12]. A previously used azide type of photo-
label has also been used to study Rab proteins in insulin target cells 
[13, 14]. This compound has the azide substitution into the termi-
nal phosphate group of the GTP while the biotin moiety is sepa-
rately substituted into an oxidized and ring-open form of the ribose 
(see Fig. 2). These comparisons suggest that the diazirine com-
pound offers greater potential for selective labeling and protein 
identification. Furthermore, the azide-biotin GTP appears to be 
no longer commercially available.

The use of photolabels for the labeling and subsequent identifica-
tion of G-proteins that are activated downstream of insulin signaling 
assumes that these proteins can maintain the activated state form (pre-
sumably by binding effectors as described above) and can allow 
exchange of bound GTP for the biotin-GTP photolabel. The methods 
described below for facilitating this exchange involve firstly a reduction 
in magnesium level to facilitate the exchange and then re-addition of 
magnesium to stabilize the photolabel in the binding site. Whether this 
manipulation of the magnesium is always required has not been 
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Fig. 1 Bio-ATB-GTP synthesis and structure. Bio-ATB-GTP full synthesis is described in [2] and the final step is 
represented here. GTP-ethylene diamine (1) and Bio-LC-ATB-NHS (2) were combined to generate Bio-ATB-GTP (3)

Fig. 2 Azidoanilide-GTP biotin-hydrozone structure. The structure is redrawn from [15]

Photolabeling of Rab Proteins in Adipose Cells
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explored but there are many examples of GTP analogue exchange 
reactions occurring in permeabilized cells [14] or in cell lysate [15], 
which do not require such a magnesium manipulation. The mechanis-
tic basis for the proposed retention of Rab proteins in their activated, 
and possibly effector-bound, states in response to insulin action is 
unproven, but empirical data suggests that insulin-activated GTP label-
ing of Rab proteins can occur. It could be that a complex of proteins 
including GEFs, GAPs, GDIs, and GTP effectors all maintain the acti-
vated state and allow GTP-substituted photolabels to bind.

There are several approaches that can be used to determine 
which Rab proteins are activated by insulin. If antibodies to candi-
date Rab proteins are available, then a targeted approach can be 
used. This involves insulin treatment of cells followed by GTP pho-
tolabeling of isolated membranes, separation of solubilized proteins 
by SDS-PAGE, and immunoblotting with the target-specific anti-
body. We give an example of this approach below (see Fig. 3). A 
more generic, and potentially more powerful, approach involves the 
same insulin treatment and photolabeling steps, but then solubilized 
protein is subjected to 2D separation of components firstly by iso-
electric focusing and then by SDS-PAGE in a second dimension. 
Using this method we have recently identified Rab3 as an insulin-
activated Rab protein in adipocytes [10]. Numerous proteins are 
labeled specifically and the protein spots are clearly reduced by GTP 
competition. Furthermore, insulin action appears to reduce the GTP 
labeling of many proteins; in fact more proteins appear to have lower 
rather than higher labeling following insulin treatment (see Fig. 4). 
Clearly, it would be ideal to be able to identify all of the spots on the 
2D gels that either increase or decrease in comparing with and with-
out insulin treatment. However, there are currently several technical 
problems that limit the potential of this generic approach. Firstly, the 
method used for visualizing the biotin-positive spots involves partial 
transfer of some of the 2D gel material to a blotting membrane, 
which is subsequently treated with detecting reagents (usually based 
on binding streptavidin-peroxidase). This detection is extremely 
sensitive when compared to protein staining and we have found that 
some very strongly detected spots have very little protein content, 
which is often below the protein detection limit. Secondly, the pro-
tein distribution on the 2D gels is highly complex with many over-
lapping spots occurring in some regions of the gels, particularly 
around the 20 kDa region where one would expect to find small 
G-proteins. Contaminating proteins are also present on the 2D gels 
as no selection of solubilized proteins occurs. Many highly abundant 
scaffolding proteins and metabolic enzyme proteins often occur in 
regions of the gel which are identified by blotting to also have a 
potentially interesting G-protein. Fortunately, some Rab proteins 
(such as the identified Rab 3 and Rab 11) occur in “cleaner” regions 
of the gel where aligning the streptavidin-peroxidase detecting blot 
with the protein gel allows the spot to be picked and identified by 
mass spectroscopy (see Fig. 4).

Francoise Koumanov and Geoffrey D. Holman
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Fig. 3 Example of Bio-ATB-GTP photolabeling of rat adipocyte total membranes and identification of Rab11 
GTP loading in response to insulin stimulation. (a) Total membrane from rat adipocytes was isolated and 
labeled with Bio-ATB-GTP photolabel as described in the text. After membrane solubilization in RIPA buffer 
(input lysate) and streptavidin precipitation (streptavidin ppt) the eluted fractions were resolved by SDS-PAGE 
and immunoblotted for presence of Rab11 using mouse monoclonal anti-Rab11 antibody (BD Bioscience). To 
standardize the level of photolabeled Rab11 dilutions of basal and insulin-stimulated total membranes (BTM 
and ITM, respectively) were also run in the gel. B—basal (unstimulated); I—insulin stimulated; +G—100 
molar excess of GTP; UL—unlabeled sample. (b) Quantification of the data presented in (a). Mean and SEM 
from at least three independent experiments. *p < 0.05 vs. basal
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Fig. 4 2D gel analysis of Bio-ATB-GTP-labeled rat adipocyte total membranes. 
Biotinylated proteins were blotted with extravidin-HRP. Circled spots 1 (Rab3B) 
and 2 (Rab11) indicate proteins for which the biotin signal was identified as 
increasing upon insulin stimulation. Reproduced with permission from [12]
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2 Materials

All chemical reagents are purchased at the highest purity available. 
All the aqueous solutions are prepared with double-distilled or 
MilliQ quality water.

 1. Male Wistar rats: 180–220 g.
 2. KRH buffer: 140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 

1.25 mM MgSO4, 2.5 mM NaH2PO4, 10 mM HEPES, pH 7.4.
 3. KRH with 1 % w/v bovine serum albumin (BSA) buffer: KRH 

buffer supplemented with 1 % w/v BSA.
 4. Collagenase solution: Type I collagenase 270 U/mg 

(Worthington).
 5. Digestion buffer: KRH supplemented with 3.5 % w/v BSA 

and 0.7 mg/mL Type I collagenase.
 6. Digestion tubes: 30 mL Universal polystyrene tubes.
 7. 20 mL Syringe attached to a stainless steel 13-gauge needle.
 8. Melting-point capillary tubes 100 mm × 1.3–1.4 o/d (Bilbate).
 9. HES-buffer: 20 mM HEPES pH 7.2, 1 mM EDTA, 255 mM 

sucrose.
 10. Shaking water bath set to 37 °C.
 11. Non-shaking water bath set to 37 °C.
 12. Potter-Elvehjem homogenizer.
 13. Ultracentrifuge.
 14. Protein concentration measurement reagent.

 1. HES buffer: 20 mM HEPES pH 7.2, 1 mM EDTA, 255 mM 
sucrose.

 2. EDTA solution: 25 mM EDTA, pH 7.2.
 3. Magnesium solution: 100 mM MgCl2.
 4. Bio-ATB-GTP photolabel: The stock is 800 μM in 20 mM 

sodium bicarbonate.
 5. RIPA buffer: 50 mM Tris pH 7.4, 150 mM NaCl, 0.5 % w/v 

sodium deoxycholate, 0.1 % w/v SDS, 0.1 % v/v NP-40 sup-
plemented with protease inhibitors (without EDTA).

 6. Rayonet Photochemical Reactor (Southern New England 
Ultraviolet Co) with 3000 Å lamps.

 1. RIPA buffer: 50 mM Tris pH 7.4, 150 mM NaCl, 0.5 % w/v 
sodium deoxycholate, 0.1 % w/v SDS, 0.1 % v/v NP-40 sup-
plemented with protease inhibitors (without EDTA).

RIPA (1:10) buffer: RIPA buffer diluted in PBS, 1 in 10 
volumes.

2.1 Preparation 
of Total Membranes 
from Rat Adipose Cells

2.2 Bio-ATB-GTP 
Photolabeling of Total 
Membrane

2.3 Streptavidin 
Precipitation and 
Detection of Bio-ATB-
GTP-Labeled GTP-
Binding Proteins
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 2. Streptavidin-agarose beads (PIERCE).
 3. PBS buffer: 12.5 mM Na2HPO4, pH 7.2, 154 mM NaCl.
 4. SDS sample buffer: 210 mM Tris–HCl, pH 6.8, 0.03 % w/v 

bromophenol blue, 30 % v/v glycerol, 6 % w/v SDS. Prepare 
a two times concentrated stock (2× SDS sample buffer) and 
dilute 1 to 1 with water to get a 1× SDS sample buffer.

 5. Dithiothreitol (DTT) solution: 1 M stock of DTT.
 6. Dry-heating block.
 7. End-to-end tube rotator.
 8. Benchtop microfuge.
 9. 12 % Tris-glycine gels (see Note 1) and SDS-PAGE equipment.
 10. Semidry electrotransfer apparatus and reagent (see Note 2).
 11. TBS-T buffer: 10 mM Tris–HCl pH 7.4, 0.9 % w/v NaCl, 

0.1 % v/v Tween-20.
 12. Antibodies against the protein(s) of interest.
 13. Enhanced chemiluminescent (ECL) reagent (see Note 3).
 14. Chemiluminescence digital imager or X-ray film developer.

3 Methods

 1. Place epididymal fat pads of male Wistar rats in digestion buffer 
(2 fat pads are 1 rat equivalent in 2.5 mL of digestion buffer). 
To get a good membrane preparation we recommend starting 
with at least 4 fat pads, meaning fat pads from 2 rats.

 2. Using fine scissors to mince the fat pads into small pieces, 
1–2 mm wide.

 3. Place the digestion tubes in a shaking water bath at 37 °C and 
shake for 45–50 min or until the lumps are digested at a speed 
of 100–150 rpm.

 4. At the end of the digestion time add an equal volume of KRH 
with 1 % BSA and filter the cell suspension through a 250 μm 
nylon mesh into new 23 mL polystyrene tubes.

 5. Fill the tubes to the top with KRH buffer supplemented with 
1 % w/v BSA, place the tubes in the 37 °C water bath without 
shaking, and leave the cells to float to the top for 1–2 min.

 6. Using a 20 mL syringe attached to a 13-gauge needle, remove 
the buffer below the adipocyte layer. Fill the tube with 1 % w/v 
BSA in KRH, mix the cells gently by inverting the tube, and leave 
the cells to float to the top for 2–3 min (in a 37 °C water bath).

 7. Repeat step 6 twice. This will remove any residual collagenase 
and non-adipose cells from the preparation.

3.1 Preparation 
of Total Membranes 
from Primary Rat 
Adipose Cells (See 
Note 4)

Photolabeling of Rab Proteins in Adipose Cells
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 8. Leave the cells to settle for 5 min, and remove some of the 
buffer to get approximately one volume of buffer for two vol-
umes of cells. Measure the cytocrit of the cell suspension using 
melting-point capillary tubes. Adjust the cell suspension to 
40 % cytocrit (packed cells to buffer).

 9. Maintain cells at 37 °C in KRH with 1 % w/v BSA in the non-
shaking water bath.

 10. Split the cell suspension into the required number of condi-
tions. Make sure that the cells are well mixed before pipetting 
out the desired volume. Use a cut pipette tip, or a wide-bore 
pipette tip, to pipette out the cell suspension, avoiding lysing 
the adipose cells.

 11. Treat the cells as desired (e.g., with insulin).
 12. At the end of the treatment, wash cells once with KRH buffer 

without BSA.
 13. Resuspend the cells in HES buffer supplemented with prote-

ase inhibitors at 18 °C.
 14. Leave cells to float in a water bath at 18 °C.
 15. Remove buffer and resuspend the cells in fresh HES buffer 

supplemented with protease inhibitors at 18 °C.
 16. Transfer the cells to a precooled Potter-Elvehjem homoge-

nizer at 4 °C.
 17. Homogenize the cells using the homogenizer (see Note 5).
 18. The homogenate is spun at 1,000 × g for 1 min at 4 °C to 

remove the fat and the unbroken cells (see Note 6). This also 
removes some of the nuclei.

 19. The resulting supernatant is spun at 300,000 × g for 30 min to 
give the crude membrane pellet.

 20. The pellet is resuspended in HES buffer and homogenized 
again to make sure that all cells are broken.

 21. The resulting suspension is spun again at 300,000 × g for 
30 min.

 22. The pellet is resuspended in HES buffer. The pellet is very 
dense and usually needs passing through a 27-gauge needle 
several times to make sure that the membranes are well 
resuspended.

 23. Perform a protein assay and resuspend the pellet to a final 
concentration of 5–10 mg/mL.

 24. Aliquot and snap freeze in liquid nitrogen and store at −80 °C.

The Bio-ATB-GTP photolabeling of total membranes is performed 
in clear 96-well plates, UV grade. All the preparation steps are per-
formed on ice and all the procedures from the moment the photo-
label is added to the plate and until the end of the UV irradiation 
are performed under semidark conditions (see Note 7).

3.2 Photolabeling 
of Total Membranes 
with Bio-ATB-GTP 
Photolabel

Francoise Koumanov and Geoffrey D. Holman
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 1. Thaw aliquots of total membranes on ice. Usually for photola-
beling of endogenous Rab proteins, we use 300 μg of total 
membranes per condition. If using membranes from adipo-
cytes that express recombinant proteins, then use 100–150 μg 
of total membranes.

 2. In a pre-chilled 96-well plate, mix the desired amount of total 
membranes, add the EDTA solution to obtain a final concen-
tration of 2 mM EDTA, and make up the volume to 100 μL 
with HES buffer. Below is an example of an experimental 
setup with total membranes at a protein concentration of 
10 mg/mL: 30 μL total membranes + 8 μL 25 mM EDTA + 
52 μL HES buffer. This accounts for the additional 5 μL vol-
umes in steps 4 and 5. Additionally, a control can be added in 
the experiment when new GTP-binding proteins are studied 
(see Note 8).

 3. Incubate for 5 min on ice.
 4. Under low-light conditions, add 5 μL of 800 μM Bio-ATB-

GTP. Mix well with the pipette and incubate for 30 min on ice.
 5. Add 5 μL of magnesium solution. Mix well with the pipette 

and incubate for 10 min on ice.
 6. Irradiate, on ice, using 300 nm UV light for 2 min (see Note 9).
 7. Transfer the samples from the wells into 3 mL ultracentrifuge 

tubes (polycarbonate thick-wall Beckman tubes).
 8. Resuspend in 3 mL HES buffer supplemented with 5 mM 

MgCl2.
 9. Spin at 300,000 × g for 30 min at 4 °C to pellet the total mem-

brane fraction and remove any unreacted photolabel.
 10. Resuspend the total membrane pellet in 1 mL RIPA buffer, 

transfer in 1.5 mL centrifuge tubes, and lyse for 20 min with 
end-to-end rotation at room temperature.

 11. Pellet the insoluble material at 17,000 × g for 20 min at 
4 °C. Transfer the supernatant to new tubes. This is now the 
total membrane lysate, which will be used to precipitate the 
tagged Rab proteins.

 1. Pipette 80 μL 50 % w/v streptavidin agarose beads per condition 
(40 μL of settled beads) into a 1.5 mL centrifuge tube.

 2. Wash the beads (spin at 3,500 × g for 1 min in benchtop 
microfuge) by washing twice with 1 mL PBS, and then once 
with 1 mL RIPA.

 3. Add 900 μL total membrane lysate (see Subheading 3.2) to 
the beads and rotate overnight at 4 °C on an end-to-end 
rotator (see Note 10).

3.3 Streptavidin 
Precipitation of Bio-
ATB-GTP-Labeled 
Material

Photolabeling of Rab Proteins in Adipose Cells
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 4. On the following day, spin down the beads at 3,500 × g for 
1 min in benchtop microfuge and collect the supernatants 
(see Note 11)

 5. Wash the beads twice with 1 mL RIPA buffer, twice with 1 mL 
dilute RIPA (1:10) buffer, and twice with 1 mL PBS buffer. 
Do so by spinning down the beads at 3,500 × g for 1 min in a 
benchtop microfuge, remove supernatant, and replenish with 
new buffer.

 6. Elute the proteins from the beads by adding 60 μL 2× SDS 
sample buffer. Heat for 20 min at 95 °C in a dry-heating block 
(see Note 12), vortex, and spin at 3,500 × g for 1 min in the 
benchtop microfuge to pellet the beads. Transfer the superna-
tant in a clean tube.

 7. Repeat step 6, but add 40 μL of 1× SDS sample buffer. Collect 
the supernatant and pool this together with the eluted sample 
in the previous step 6.

 8. Add DTT solution to the pooled eluates at a final concentra-
tion of 20 mM. Vortex and incubate again for 20 min at room 
temperature. Spin for 1 min at 16,200 × g to discard insoluble 
material.

 9. Load the solubilized material onto a 12 % Tris-glycine SDS 
polyacrylamide gel (see Notes 1 and 13).

 10. A typical lane sequence is presented in Fig. 3a (also see Notes 
14 and 15).

 11. Run the gel in the SDS-PAGE system.
 12. Transfer the gels onto a nitrocellulose membrane by semidry 

electrotransfer for 110 min applying a current of 0.8 mA/cm2.
 13. Immunoblot for the specific Rab proteins of interest (see 

Note 16).
 14. Block the membrane with nonfat milk.
 15. Incubate the membranes overnight at 4 °C with the antibody 

against the protein of interest (diluted in TBS-T supplemented 
with 1 % w/v BSA).

 16. Wash the blots four times for 5 min with TBS-T.
 17. Incubate with secondary antibodies conjugated to peroxidase, 

diluted in TBS-T supplemented with 5 % w/v nonfat milk, for 
1 h at room temperature.

 18. Wash the blots six times for 5 min in TBS-T.
 19. Use ECL substrate or enhanced substrates if the signal is low 

(see Note 5) to generate chemiluminescence and image the 
emission either on film or in chemiluminescence imager.

 20. The generated digital images are analyzed using imaging software 
(see Note 17) and the relative intensity of the detected bands is 

Francoise Koumanov and Geoffrey D. Holman
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quantified (e.g., VisionWorksLS from UVP). Examples of the 
quantification results we obtained for the insulin activation of 
endogenous Rab11 and heterologously expressed FLAG-tagged 
Rab3B in primary rat adipocytes are presented in Figs. 3 and 5.

4 Notes

 1. We use self-made gels, but precast gels can be used. The 
percentage of the gel matrix density will depend on the 
protein of interest; that is, for small GTPases of the Rab 
family, which all have a molecular weight between 20 and 
30 kDa, a 12 % gel is appropriate to obtain a good resolu-
tion of the proteins.

 2. Our laboratory routinely uses the semidry method of transfer 
with BioRad semidry blot apparatus. We transfer the protein 
onto nitrocellulose membranes. However, wet transfer and 
PVDF membranes should work just as well.

 3. Sometimes the protein of interest is of low abundance and is 
poorly labeled and the classic ECL reagent is not sufficient to 
detect the signal. In such cases we then use stronger ECL reagents 
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Fig. 5 FLAG-Rab3B is activated upon insulin stimulation. (a) Insulin stimulation (Ins) 
of the Bio-ATB-GTP-loading state of FLAG-Rab3B. Streptavidin-precipitated pro-
teins were detected with anti-FLAG antibody. (b) Effect of wortmannin (200 nmol/L 
for 10 min) (Wtm) on insulin-stimulated FLAG-Rab3B GTP loading. (c) Quantification 
of the Western blotting data presented. Mean and SEM from three independent 
experiments. *p < 0.05 vs. basal. Reproduced with permission from [12]
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such as ECL Select from GE Healthcare or SuperSignal West 
Femto Extended Duration Substrate from Thermo Scientific.

 4. We routinely prepare our total membrane from primary rat 
adipocytes; however total membrane can be prepared in simi-
lar way from many different cell types and cultured cell lines.

 5. We use a motorized homogenizer at a speed of 500 rpm.
 6. If you are performing photolabeling of recombinant proteins 

expressed in adipocytes, collect aliquots of the supernatants at 
steps 11 and 12 in Subheading 3.1. This will generate sam-
ples that can be analyzed later for the distribution of the recom-
binant protein between the soluble and membrane fractions 
(see Note 15).

 7. Stock solutions are kept in amber vials and incubation samples 
are covered with aluminum foil.

 8. When we first study the GTP activation of GTP-binding pro-
teins we usually have two control conditions. The first uses a 
100× molar excess of GTP in the incubation mixture to show 
the specific competitive inhibition of the photolabeling reac-
tion. The second uses an unlabeled control (no Bio-ATB-GTP 
photolabel added to the reaction mixture) to show the non-
specific detection of extraneous protein carried over during 
the procedure.

 9. We place a precooled metal plate wrapped in aluminum foil 
under the 96-well plate to reflect the light and maximize the 
labeling.

 10. Make sure that approximately 100 μL of total membrane lysate 
is collected and later run on the gel to detect the total amount 
of Rab protein in the membrane lysate.

 11. Collect the supernatant and keep until the end of the 
experiment. If the results are fine then discard these tubes. 
If the results are unexpected then these samples could be 
used for troubleshooting of the experiment.

 12. Pierce the lid of the tube with a 27-gauge needle to avoid the 
tube popping open during the incubation.

 13. The CBS gel system (VWR) is as wide as a Protean II system 
from BioRad (16 cm) but with the length of a miniProtean 3 
system (6 cm resolving). This allows us to load the entire 
eluted sample (100 μL) in one well and to run the gel in 1 h. 
Because the streptavidin precipitation requires two elutions, 
the final volume of eluted samples is big and cannot be loaded 
on a normal miniProtean system. If you do not have such a 
system, then you might need to run the Protean II gel system 
(BioRad). Alternatively, if the only available option is a mini-
gel system, then smaller elution volumes will have to be used 
in steps 6 and 7 in Subheading 3.3. Although feasible, this 
might result in an inefficient elution.

Francoise Koumanov and Geoffrey D. Holman
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 14. Optional: We usually run a dilution range of total membranes 
to standardize how much protein has been labeled.

 15. When photolabeling recombinant proteins that have been 
expressed in adipocytes, all the fractions collected during the 
total membrane preparation (see Note 6) are run on a separate 
gel to make sure that we have equal amounts of recombinant 
protein expressed in each condition. This will also allow nor-
malization of the photolabeling data for any variation in the 
expression levels.

 16. The protocol given is our laboratory protocol for Western 
blotting; however any protocol that is optimized for the anti-
body against the protein of interest would work.

 17. For image analyses we use the software provided with our 
imaging system from UVP, but free quantification software, 
such as ImageJ National Institute of Health software (http://
imagej.nih.gov/ij/), can also be used.
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Chapter 12

Total Internal Reflection Fluorescence Microscopy to Study 
GLUT4 Trafficking

Sebastian Wasserstrom, Björn Morén, and Karin G. Stenkula

Abstract

Total internal reflection fluorescence (TIRF) microscopy is a powerful method that allows examination of 
plasma membrane close events in real time. The last decade, the method has successfully been used to 
explore GLUT4 translocation in adipocytes. Here, we describe the procedure for studying GLUT4 
trafficking using TIRF microscopy in isolated primary adipocytes.

Key words Primary adipocytes, Fluorescence, TIRF, Microscopy, GLUT4, GLUT4 storage vesicles, GSV

1 Introduction

In the normal insulin-sensitive state, insulin promotes glucose uptake 
by translocation of insulin-responsive GLUT4 storage vesicles (GSV) 
to the cell surface, where GLUT4 facilitates diffusion of glucose into 
the cell [1]. We and other have applied TIRF microscopy, a powerful 
method that allows examination of plasma membrane close events in 
real time, and have made significant progress in understanding the last 
events involved in insulin-regulated GLUT4 translocation and glu-
cose uptake in both cultured 3T3-L1 adipocytes and primary adipo-
cytes isolated from rodents and humans [2–9]. The first report 
describing GSV trafficking in primary adipocytes by TIRF microscopy 
was presented by Lizunov et al. [4], followed by more sophisticated 
analysis of the actual GSV fusion events [2], single GLUT4 molecule 
movement in the plasma membrane following fusion [5], and charac-
terization of GLUT4 dynamic and cellular response in human adipo-
cytes [10, 11]. This chapter aims to give a detailed description of 
TIRF imaging of GLUT4 trafficking using isolated primary adipose 
cells that express a recombinant GLUT4 tracer. For a deep technical 
background description of the TIRF imaging field as a whole or the 
technique in itself, the readers are directed to the excellent description 
by Poulter et al. [12].
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2 Materials

 1. We use a commercial TIRF system based on a Nikon Ti-E 
eclipse microscope equipped with a 100× Apo TIRF DIC oil 
immersion objective NA of 1.49 (Nikon Instruments Inc.), an 
iXon Ultra DU-897 EMCCD camera (Andor Technology 
Ltd.), and four main laser lines, 405 (Cube, Coherent Inc), 
488 (Melles-Griot), 561 (Sapphire, Coherent Inc), and 640 
(Cube, Coherent Inc) with corresponding filter sets. The sys-
tem is equipped with a “perfect focus system,” an independent 
IR laser that detects the position of the coverslip and prevents 
focus drift during acquisition. For microscope control and 
image acquisition we use NIS elements (Laboratory Imaging, 
version 4.50).

 2. An EMCCD camera has benefits for both acquisition speed 
and sensitivity. The settings should be optimized for the bio-
logical question addressed. If vesicle traffic over time is being 
studied the camera settings should be set to an exposure time, 
low enough to allow fast events to be captured. To minimize 
cell damage and photo bleaching, optimize camera settings for 
optimal image quality.

 3. For electroporation we use a square-wave electroporator from 
BTX instruments.

Krebs-Ringer’s bicarbonate HEPES (KRBH) buffer with bovine 
serum albumin (BSA) is prepared fresh from three stock solutions 
(see Note 1):

 1. Stock 1 (10×): 1.2 M NaCl, 40 mM KH2PO4, 10 mM 
MgSO4 ∙ 7H2O, 10 mM CaCl2. Add 70.08 g NaCl, 5.46 g 
KH2PO4, and 2.46 g MgSO4 ∙ 7H2O to 500 mL H2O and 
dissolve under mixing with magnetic stirrer. Add 10 mL of 
1 M CaCl2 stock (see Note 2) when the first three salts have 
dissolved. Add H2O to a final volume of 1000 mL.

 2. Stock 2 (10×): 100 mM NaHCO3. Add 8.4 g NaHCO3 to 
1000 mL H2O and dissolve using a magnetic stirrer.

 3. Stock 3 (10×): 300 mM HEPES. Add 71.5 g HEPES to 
500 mL H2O and dissolve with magnetic stirrer. Add H2O to 
a final volume of 1000 mL. Stocks 1–3 are stored at +4 °C.

 4. Adenosine, 200 μM stock (1000×): 2.67 mg 
Adenosine/50 mL H2O, aliquot and store at −20 °C.

 5. To prepare 200 mL KRBH-1 % w/v BSA buffer, dissolve 2 g 
of BSA in ~100 mL H2O (see Note 3). Add 20 mL of each 
stock solution (stocks 1–3). Add 200 μL of 200 μM adenos-
ine stock, and set to pH 7.4 with concentrated NaOH. Adjust 
volume with H2O to 200 mL and sterilize using 0.2 μm 
syringe filters.

2.1 Instrumentation

2.2 Buffers for Cell 
Preparation

Sebastian Wasserstrom et al.
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 6. Collagenase (type 1) 6 mg/mL (6×): Dissolve 60 mg lyoph-
ilized collagenase in 10 mL KRBH-1 % w/v BSA buffer. Filter 
sterilize, aliquot, and store at −20 °C.

 1. N-phenylisopropyladenosine (PIA), 1 mM stock (5000×): 
Dissolve 1.93 mg PIA in 5 mL DMSO, aliquot, and store at 
−20 °C.

 2. DMEM+ buffer: 50 mL Dulbecco’s modified Eagle medium 
(DMEM, 4.5 g/L glucose), 10 μL of 1 mM PIA, 100 μL gen-
tamicin (50 mg/mL), sterilize using 0.2 μm syringe filters.

 3. DMEM++ buffer: Dissolve 0.35 g BSA in 10 mL DMEM+ 
buffer, sterilize using 0.2 μm syringe filters.

3 Methods

Rat adipocytes are isolated according to the protocol described by 
Rodbell [13]. Usually, we isolate primary adipocytes from epididy-
mal rat fat pads (Sprague-Dawley rats). The procedure, with minor 
adjustments, is suitable for white adipocytes isolated from mice or 
human biopsies as well.

 1. Dissect the fat pads into a narrow-mouth plastic bottle (30 mL, 
low-density polyethylene (LDPE)) containing 5 mL of 
KRBH-1 % w/v BSA buffer (see Note 4).

 2. Mince the tissue, using two scissors that fit into the vial, to a 
homogenous suspension (see Note 5).

 3. Add 1 mL collagenase buffer and incubate for 45–80 min at 
37 °C in a shaking water bath, 120 rpm (see Note 6).

 4. Add pre-warmed (37 °C) KRBH-1 % w/v BSA buffer to the 
neck of the vial and cover the opening with nylon mesh 
(250 μm) fastened with rubber band. Swirl the bottle, 
invert, and gently squeeze twice into a sterile 50 mL tube 
(see Note 7).

 5. Repeat the swirling and squeeze until the vial is empty.
 6. Let the adipocytes float by leaving the tube standing in a water 

bath at 37 °C for a few minutes, with no shaking.
 7. Aspirate the supernatant with a 12-gauge needle attached with 

a sterile 200 μL pipette tip at the end.
 8. Wash by gently adding ~20 mL of KRBH-1 % w/v BSA buffer 

(see Note 8).
 9. Repeat steps 6–8 three times.

 1. Prepare DNA in DMEM+ buffer, 200 μL/cuvette. Usually, 
we have 3–6 μg DNA/cuvette depending on the experiment, 
4–6 cuvettes/condition (see Note 9).

2.3 Media for Cell 
Transfection

3.1 Cell Preparation

3.2 Cell Transfection

GLUT4 Trafficking Using TIRF Microscopy
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 2. Aspirate supernatant from adipocytes and wash once in 
~10 mL DMEM+ buffer.

 3. Remove supernatant, resuspend in DMEM+ buffer, and adjust 
volume to 40 % packed cell volume/volume buffer (cytocrit).

 4. Pour the cells into the pre-sterilized scintillation vial with 
magnetic stirrer, ~200 rpm.

 5. Pipette up-down-up once before pipetting 200 μL of the cell 
suspension using a wide bore tip to each cuvette.

 6. Transfect adipocytes using a square-wave electroporator 
(200 V, 3 pulses of 12 ms at 1-s intervals for rat adipocytes [4]; 
400 V, 1 pulse for human and mouse adipocytes [14]).

 7. Carefully pool the cell suspension from the cuvettes into a 
15 mL Falcon tube using 200 μL wide bore tips.

 8. Aspirate supernatant with a 3-gauge needle attached with a 
200 μL pipette tip at the end.

 9. Add ~4–5 mL of DMEM++ buffer.
 10. Incubate at 37 °C, 5–10 % CO2, for 18–20 h to allow recom-

binant protein expression.

 1. Calibrate and align lasers.
 2. Temperature of objective and stage should be allowed to 

equilibrate for at least a couple of hours before running an 
experiment (see Note 10). Also make sure that the tempera-
ture control unit is accurately calibrated in order to have a 
correct temperature setting.

 3. If the objective lens has a temperature correction ring to com-
pensate for spherical aberration, make sure that it is properly 
set for the desired temperature with fluorescent beads on a 
regular basis. Using beads simplifies the process since both 
focus and optimal laser spread can be calibrated.

 4. Make sure that all imaging surfaces, coverslips, and objectives 
are properly cleaned with lens paper and ethanol and make 
sure that the surface is dried to ensure best imaging results.

 5. Isolated primary adipocytes quickly deteriorate in culture and 
therefore cells are routinely imaged 18–20 h after 
electroporation.

 6. Mount a glass-bottom dish (designed for microscopy, MatTek 
Corporation), no. 1.5 thickness, into the dish holder at the 
scope (see Notes 11 and 12, also see Fig. 1). Add ~10 μL of 
KRBH-1 % w/v BSA buffer. Place 5 μL packed adipocytes on 
top of the buffer droplet. Mount the cell chamber by gently 
placing a Millipore 1 μm membrane and a weight (nut-shaped 
brass piece) to immobilize the cells to the bottom of the dish. 
Add KRBH-1 % w/v BSA buffer on top of the membrane and 
outside the weight (see Fig. 1, right panel). The membrane 

3.3 TIRF Imaging 
of GLUT4

Sebastian Wasserstrom et al.
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allows addition of stimuli (insulin) without disturbing the cell 
chamber montage (see Note 13).

 7. Make sure that the TIRF settings are optimized for fast acqui-
sition and at the same time maximize the signal intensity with-
out overly bleaching the sample. When imaging adipocytes 
expressing HA-GLUT4-GFP, typical settings for our system 
to achieve a minimum of 10 frames per second are as follow: 
laser power of 1–2 mW, camera exposure time of 50 ms, maxi-
mum readout speed of 17 MHz, EM multiplier at 300, and 
vertical clock speed of 3.3 μs. Generally, we do not use pixel 
binning. To avoid the time bottleneck of mechanical filter 
switching we utilize the camera’s triggered acquisition func-
tion. Here the camera and software control the sequential fir-
ing of selected lasers, and suitable EX/EM filters need to be 
used to allow the correct wavelengths through.

The most prominent effect of insulin on GLUT4 translocation is 
a decrease of GSV traffic as the GSV tether to the plasma mem-
brane followed by fusion. This can be quantified by measuring the 
number of trajectories produced during a time-lapse acquisition 
(see Fig. 2), a measurement used in previous studies of GLUT4 
trafficking [3, 11]. The actual fusion event can be captured using 
a pH-sensitive probe (see Fig. 3), a tool used by us and others to 
detect fusion simultaneously with the overall GLUT4 trafficking 
in the TIRF zone [2, 9, 15]. Insulin-induced GSV fusion is fol-
lowed by a rapid release of GLUT4 monomers into the plasma 
membrane. This is detected as an increased plasma membrane 
intensity, illustrated in Fig. 4, showing snapshot images of an adi-
pocyte expressing GLUT4-GFP, before and after insulin stimula-
tion (see Fig. 4).

3.4 Expected 
Readout of GLUT4 
Trafficking

Weight
Membrane

Drop of
Adipocytes

Coverslip 

Dish
Buffer

Buffer

Fig. 1 Visualization chamber. The left panel illustrates how to carefully mount the adipocytes in a glass-bottom 
dish, gently pressing the cells toward the coverslip using a nut-shaped brass weight (size and shape of weight, 
see below). The weight is shown with scale bar in cm. Add buffer on top of the membrane and outside the 
weight (shown in right panel)

GLUT4 Trafficking Using TIRF Microscopy
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Fig. 3 Example of a fusion event detected using a pH-sensitive probe (IRAP-pHluorin) co-expressed in GLUT4 vesi-
cles. Series of frame-by-frame captions displayed, with a fusion event detected at time 810 ms. Scale bar is 1 μm

Fig. 4 Images of a primary adipocyte expressing GLUT4-GFP. Shown: (a) before 
(time = 0 s) and (b) after insulin stimulation (time = 302 s). Scale bar is 5 μm

Fig. 2 Maximum-intensity projection. Illustrates GSV trafficking during a 1-min 
time-lapse acquisition. Scale bar is 5 μm

Sebastian Wasserstrom et al.
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4 Notes

 1. We use Probumin BSA for working buffers with primary adi-
pocytes. KRBH-BSA buffer should be prepared at the time of 
experiment, but could be stored at −20 °C and used later.

 2. Add the CaCl2 last when all other salts have dissolved to pre-
vent precipitation.

 3. Increase BSA concentration to 5 % w/v for mouse or human 
adipocytes.

 4. Always use plasticware (polypropylene or LDPE) when working 
with adipose tissue/cells.

 5. The adipose tissue should be minced thoroughly, for adequate 
collagenase digestion.

 6. Terminate the digestion if too much oil assembles at the top, 
which indicates cell breakage.

 7. For mouse or human adipocytes: Fold a funnel using 400 μm 
nylon mesh and place on top of a 50 mL Falcon tube, swirl the 
squeeze bottle, and carefully pour the cells into the mesh funnel 
until all of the cell suspension has passed through. Mouse and 
human adipocytes are generally larger than rat adipocytes and 
tend to be more fragile, and they therefore need to be treated 
accordingly. The funnel filtration exerts less force on the cells as 
they pass through by gravity instead of physical pressure.

 8. When washing, adding media or buffer to primary adipocytes, 
pour slowly on the sides of the tube in order to disturb the 
cells as little as possible.

 9. There are several different GLUT4 constructs suitable for live-
cell imaging. We have routinely used either HA-GLUT4-GFP 
or HA-GLUT4-mCherry, where the exofacial HA-tag allows 
detection of GLUT4 inserted into the membrane following 
fusion [2]. A photoactivatable probe, EOS, was used for single 
GLUT4 molecule tracking of monomers in the plasma mem-
brane [5]. Co-expression of fluorescently tagged GLUT4 and 
IRAP-pHluorin, another GSV-residing molecule carrying a 
pH-sensitive probe, allows detection of the exact fusion event as 
the pH increases following GSV fusion with the plasma mem-
brane, and simultaneously monitoring of overall GLUT4 traffic 
[2, 9]. Also, a double-tagged GLUT4 construct was shown to 
be useful for characterization of cell heterogeneity [15].

 10. To avoid cell stress, we have found that in our system, the 
adipocytes are best preserved at 35 °C. At this temperature we 
observe the longest cell durability and maintained vesicle traf-
fic. Having a higher temperature often results in increased cell 
breakage. Once adipocytes start breaking, their lipid content 
leaks out into the immediate environment, which rapidly 
induces further cell breakage.

GLUT4 Trafficking Using TIRF Microscopy
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 11. Commercial TIRF systems are usually based on inverted 
microscope systems, and therefore the buoyancy of the pri-
mary adipocytes demands that they are pressed down against 
the coverslip. This has to be done gently in order to avoid cell 
breakage.

 12. We have not seen any significant differences in image quality 
when using regular tolerance No. 1.5 thickness coverslips 
compared to high-tolerance 0.170 mm coverslips. The limited 
variety of coverslip sizes available with the high-tolerance 
dishes limits their usefulness in our setup.

 13. For shorter experiments (i.e., 10–15 min) that do not require 
addition of stimuli to the cells during acquisition, a coverslip 
could replace the membrane and brass weight.
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Chapter 13

Translocation and Redistribution of GLUT4 Using  
a Dual-Labeled Reporter Assay

Robert M. Jackson and Ann Louise Olson

Abstract

It is crucial to determine the regulation of GLUT4 translocation and redistribution to the plasma 
membrane. The HA-GLUT4-GFP dual-reporter construct has become an important tool in the assess-
ment of GLUT4 recycling in cultured adipocytes and myocytes. Through the use of light microscopy, 
this reporter construct allows for visualization of GLUT4 specifically at the cell surface or GLUT4 that 
has recycled from the cell surface while simultaneously marking the total GLUT4 pool. Here, we dis-
cuss and outline the general application of this reporter construct and its use in evaluating GLUT4 
translocation within cultured adipocytes.

Key words GLUT4, Membrane traffic, Adipocyte, Insulin signaling, Translocation assay

1 Introduction

Obesity is a growing epidemic and known to lead to other compli-
cations such as metabolic syndrome, cardiovascular disease, and 
type 2 diabetes mellitus. Insulin resistance is a hallmark of these 
diseases, and this is due in part to a failure of insulin to signal 
glucose uptake. GLUT4, an insulin-dependent facilitative glucose 
transporter, is an important effector molecule for regulating insu-
lin-dependent glucose uptake in adipose tissue, heart, and skeletal 
muscle. During obesity and diabetes, both the expression of 
GLUT4 and the ability of insulin to recruit GLUT4 to the plasma 
are decreased. The mechanisms of analyzing GLUT4 translocation 
through cells have evolved greatly over the years. Insulin-stimulated 
clearance of glucose from the blood was first reported through the 
use of membrane sub-fractionation [1, 2]. This activity was even-
tually attributed to a tissue-specific insulin-regulated glucose trans-
porter (IRGT) [3, 4], which would later be cloned and characterized 
as GLUT4 [5]. This opened the door for more controlled manipu-
lation of GLUT4. Immunogold staining was later used to confirm 
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membrane and adipose localization [6, 7]. A few years later, an HA 
epitope was inserted between residues 67 and 68 in the first exofacial 
loop of GLUT4 [8], which allowed this GLUT4-HA construct to 
be probed for immunofluorescence and viewed at the cell surface 
via light microscopy. Another group would later generate a 
GLUT4-GFP chimera to visualize internal GLUT4 traffic in 
individual cells [9]. These two constructs would eventually be 
combined to form the HA-GLUT4-GFP reporter construct that 
has been widely used over the past decade to evaluate GLUT4 
translocation to and from the cell surface [10, 11].

The HA-GLUT4-GFP reporter construct is unique in that it 
allows for visualization of both total GLUT4, via the GFP tag, and 
GLUT4 that is or has been at the cell surface, via its HA epitope 
(see Fig. 1). The GFP molecule is located at the C-terminus and is 
positioned in the cytosol. The GFP molecule is able to be excited 
and emit light from anywhere in the cell and thus serves as a marker 
of the total GLUT4 within a given cell. The HA epitope, as men-
tioned above, is inserted into the first exofacial loop. It is posi-
tioned on the luminal face of the membrane, and if the cell has not 
been permeabilized, this epitope is inaccessible to antibodies while 
GLUT4 is internalized. Insulin stimulation will signal fusion of 
GLUT4 with the plasma membrane, exposing the HA epitope, 
making it available for detection via immunostain. Using this dual-
reporter construct, our lab and others have been able to detect a 
five- to tenfold increase in GLUT4 found at the cell surface after 
acute insulin stimulation [12, 13], which is consistent with earlier 
reports using other methods [14–17]. In the same study, we were 
also able to pulse-chase cell surface GLUT4 before it was internal-
ized by probing the HA epitope in live, insulin-stimulated cells and 
then removing them from insulin stimulation [13, 18].

Fig. 1 GLUT4 spans the membrane with 12-transmembrane domains. Both the N- and C-termini are cytosolic. 
In the dual-reporter construct, a HA epitope has been inserted between amino acids 67 and 68 in the first 
exofacial loop, while a GFP molecule has been attached to the C-terminus via a linker sequence

Robert M. Jackson and Ann Louise Olson



163

Here, we outline the methods that take advantage of this 
dual-reporter construct HA-GLUT4-GFP for visualization of the 
exogenous GLUT4 in both the basal and insulin-stimulated states. 
We describe translocation and recycling methods for use with 
3T3-L1 adipocytes, as they are the standard cell line when assess-
ing GLUT4 in a diabetic cell model. We cover cell culture and 
transfection, as well as fixing and staining for both a translocation 
assay and a recycling assay. See Note 1 for general comments on 
confocal microscopy and image quantification.

2 Materials

Prepare all solutions/media just prior to performing each experiment 
to ensure optimal pH and freshness of the reagents. Prepare and store 
all reagents and generated solutions at room temperature (unless 
otherwise indicated). Store cell culture media at 4 °C.

 1. NIH 3T3-L1 mouse pre-adipocyte fibroblasts grown and 
maintained in 100 mm cell culture dishes (see Note 2).

 2. HA-GLUT4-GFP expression plasmid: Store as an ethanol 
precipitate.

 3. Proliferation medium: Dulbecco’s modified Eagle medium 
(DMEM), 10 % v/v calf serum, 1 % v/v penicillin/streptomy-
cin, 18 mM sodium bicarbonate, 25 mM HEPES, pH to 7.4 
with HCl or NaOH, filter sterilized in cell culture hood.

 4. Maturation medium: DMEM, 10 % w/v fetal bovine serum 
(FBS), 1 % v/v penicillin/streptomycin, 18 mM sodium bicar-
bonate, 25 mM HEPES, pH to 7.4 with HCl or NaOH, filter 
sterilized in cell culture hood.

 5. Starvation medium: F-12 Ham’s starvation media, 0.5 % w/v 
bovine serum albumin (BSA), 14 mM sodium bicarbonate, 
25 mM HEPES, pH to 7.4 with HCl or NaOH, filter steril-
ized in cell culture hood.

 6. Electroporation medium: DMEM, 1 % v/v penicillin/strepto-
mycin, 18 mM sodium bicarbonate, 25 mM HEPES, pH to 
7.4 with HCl or NaOH, filter sterilized in cell culture hood.

 7. Post-electroporation medium: DMEM, 20 % v/v FBS, 1 % 
penicillin/streptomycin, 18 mM sodium bicarbonate, 25 mM 
HEPES, pH to 7.4 with HCl or NaOH, filter sterilized in cell 
culture hood.

 8. Mild acid wash: Mix 8 mL of 5 M NaCl, 20 mL of 500 mM 
MES at pH 5.0, and approximately 150 mL of ddH2O. Adjust 
the pH to 5.0 with HCL or NaOH. Bring volume to 200 mL 
final with ddH2O. Store at 4 °C.

 9. dPBS: Start with 800 mL of distilled water; add 8 g of NaCl, 
0.2 g of KCl, 1.44 g of Na2HPO4, 0.24 g of KH2PO4; adjust 
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the pH to 7.4 with HCl; and add distilled water to a total 
volume of 1 L.

 10. Trypsin-EDTA solution: 0.05 % w/v Trypsin, 0.53 mM 
EDTA, without sodium bicarbonate.

 11. Collagenase: Type I, resuspended to ~2 mg/mL with 2.5 mL 
0.05 % w/v trypsin, 0.53 mM EDTA, without sodium bicar-
bonate and 2.5 mL dPBS.

 12. Insulin solution: Insulin, tissue culture grade.
 13. Tabletop centrifuge capable of spinning 15 mL conical tubes 

at 300 × g.
 14. Mammalian cell electroporation system and system-matched 

cuvettes.
 15. Chamber culture slides.

 1. Rocking platform shakers: one maintained at room tempera-
ture and another maintained at 37 °C.

 2. dPBS solution: dPBS, pH 7.4: Stored both at room temperature 
and at 4 °C.

 3. Fixing solution: 1.15 mL of 16 % v/v paraformaldehyde stock 
diluted in 3.85 mL of room-temperature dPBS for a final 
volume of 5 mL (3.7 %). Keep at room temperature.

 4. Quenching solution: 10 mg of NaBH4 solubilized in 10 mL 
cold dPBS just prior to use (0.1 % w/v). Keep on ice.

 5. Permeabilization solution: 3 mg of saponin dissolved in room-
temperature dPBS (0.1 % w/v). Keep at room temperature.

 6. Blocking buffer: 10 % w/v BSA in cold dPBS. Keep on ice 
(see Note 3).

 7. Primary antibody: Anti-HA antibody diluted 1:1000 in cold 
dPBS containing 1 % w/v BSA. Keep on ice (see Note 3).

 8. Unlabeled antibody: Unconjugated secondary diluted 1:1000 in 
cold dPBS containing 1 % w/v BSA. Keep on ice (see Note 3).

 9. Secondary antibody: Fluorophore-conjugated secondary 
diluted 1:400 in cold dPBS containing 1 % w/v BSA. Keep on 
ice (see Note 3).

 10. Mounting medium.
 11. Coverslips.

3 Methods

Perform all procedures handling live cells inside a cell culture hood. 
Limit cell exposure to light as much as possible once they have 
been transfected. The following methods will denote quantities 
and volumes needed for a single 4-well-chamber culture slide.

2.2 Fixing 
and Staining
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 1. Grow and maintain 3T3-L1 fibroblasts as per standard protocols 
in 100 mm cell culture dishes (see Note 4). Briefly, seed individ-
ual 100 mm cell culture dishes with 5 × 104 cells. Allow them to 
expand over 7 days in proliferation medium. Induce differentia-
tion into adipocytes by exchanging the proliferation medium for 
maturation medium containing 1 μM dexamethasone, 17.5 nM 
insulin, and 500 μM isobutyl-1-methylxanthine (DII). After 
3.5 days, exchange for fresh maturation medium without DII 
included. Newly formed adipocytes are ready for transfection 
2 days after the removal of DII (day-5 adipocytes).

 2. Turn on the electroporation system to allow it time to warm 
up. Set it to pulse at 0.18 kV at 950 μF (see Note 5).

 3. Prepare two 1 μg/μL aliquots of the HA-GLUT4-GFP con-
struct plasmid. Transfer the necessary amount of ethanol pre-
cipitate for 50 μg of plasmid into a microcentrifuge tube and 
pellet it by spinning at max speed (21,000 × g) in a tabletop 
centrifuge. If possible, do this at 4 °C. Resuspend to the 
desired concentration with 50 μL molecular grade, nuclease-
free water (see Note 6).

 4. Measure out 8–12 mg collagenase in a 15 mL conical tube. In 
the cell culture hood, resuspend the collagenase to ~2 mg/mL.

 5. Retrieve one 100 mm cell culture dish of day-5 adipocytes. 
Aspirate off the media and wash the cells twice with 5 mL 
dPBS. Aspirate off any remaining dPBS and add the collagenase/
trypsin suspension to the cells. Place the plate back in its incubator 
for 5–10 min or until cells have visibly lifted off the plate. Gently, 
transfer the cells to the 15 mL conical tube and slowly pellet them 
via centrifugation at ~300 × g. Aspirate the supernatant.

 6. Gently resuspend the pelleted cells with 3 mL electroporation 
medium. Transfer 500 μL of the resuspension into each indi-
vidual electroporation cuvettes. Add 50 μL of the desired plas-
mid to each of the cuvettes and gently mix by pipetting several 
times. Place the cuvettes in the electroporator system and 
pulse them with 0.18 kV at 950 μF. Gently tap the sides of the 
cuvettes to drive any generated bubbles to the surface. Leave 
the cells to recover at room temperature for 10 min.

 7. Pool all cuvettes with identical conditions prior to seeding the 
newly transfected cells onto the chamber culture slides. Note 
that the cells are still extremely fragile due to the electroporation 
process and need to be handled with care. Assuming a chamber 
volume of 1 mL, where 500 μL is the ideal media volume, trans-
fer 200 μL of the pooled cells into a chamber well (see Note 7). 
Add 50 μL of fresh electroporation medium to bring the volume 
to a 250 μL total. Incubate at 37 °C and 5 % CO2 for 20 min.

 8. After the cells have settled on the slide, add 250 μL of post-
electroporation medium to bring each chamber to a final 
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500 μL volume (see Note 8). Incubate at 37 °C and 5 % CO2 
overnight.

 9. Approximately 18 h after transfection starve the cells to induce 
the basal condition that will serve as the baseline in quantifica-
tion. To do this, decant the media out of the chamber slides 
into a waste beaker. Do not aspirate (see Note 9). Rinse the 
cells twice with 500 μL mild acid wash, leaving the second 
application on the cells for 2 min. Rinse the cells twice with 
500 μL dPBS. Finally, add 500 μL starvation medium to the 
cells. Incubate at 37 °C and 5 % CO2 for 2 h.

 10. If the experimental goal is the recycling assay, anti-HA antibody 
will need to be diluted 1:1000 in these new starvation aliquots.

To reduce photo bleaching over time, work in the dark for the 
remainder of the protocol as much as possible. At minimum, keep 
the cells covered from sources of direct light. For the methods 
outlining the recycling assay, skip ahead to Subheading 3.3.

 1. Prepare an aliquot of starvation medium containing 10 nM 
insulin (see Note 10). At the end of the 2-h starvation period, 
replace the media in the chamber slides with either 500 μL 
fresh starvation medium for the basal condition or 500 μL 
10 nM insulin for the stimulated condition. Incubate at 37 °C 
and 5 % CO2 for 30 min.

 2. During the insulin stimulation period, prepare the fixing solu-
tion and blocking buffer. Keep the blocking buffer on ice. Set 
up three beakers of cold dPBS on ice for sequential washing 
(see Note 9).

 3. Immediately at the end of the 30-min insulin stimulation, 
dump the media into a waste beaker and sequentially dip the 
chamber slide through 3 × ice-cold dPBS rinses. Dab/wick 
away excess liquid with a chemwipe tissue paper (see Note 11). 
Add 500 μL fixing solution to each chamber. Leave on the 
benchtop at room temperature for 20 min.

 4. Halfway through the fixing solution incubation period, pre-
pare the quenching solution (see Note 12).

 5. Decant the fixing solution into the waste beaker and sequentially 
dip the chamber slide through 3 × ice-cold dPBS rinses. Dab/
wick away excess liquid with a chemwipe tissue paper. Add 
500 μL cold quenching solution. Place the slide on ice for 
30 min, refreshing the quenching solution at 10-min intervals 
for a total of 3 × 10-min quenches.

 6. Decant the quenching solution into the waste beaker and 
sequentially dip the chamber slide through 3 × ice-cold dPBS 
rinses. Dab/wick away excess liquid with a chemwipe tissue 
paper. Add 500 μL blocking buffer. Place on a rocking plat-
form shaker at room temperature for 15 min.

3.2 Fixing 
and Staining 
for Translocation
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 7. Prepare the primary antibody at this time. At the end of the 
15 min, dump the blocking buffer into the waste beaker. Dab/
wick away excess liquid with a chemwipe tissue paper. Add 
500 μL primary antibody. Place on a rocking platform shaker 
at room temperature for 1 h.

 8. As the 1-h incubation ends, prepare the secondary antibody. 
Dump the primary antibody into the waste beaker and sequen-
tially dip the chamber slide through 3 × ice-cold dPBS rinses. 
Dab/wick away excess liquid with a chemwipe tissue paper. 
Add 500 μL secondary antibody. Place on a rocking platform 
shaker at 37 °C for 30 min.

 9. Decant the secondary antibody and sequentially dip the 
chamber slide through 3 × ice-cold dPBS rinses. Rinse cham-
bers with 500 μL molecular grade water. Dump the water 
into the waste beaker. Dab/wick away excess liquid with a 
chemwipe tissue paper.

 10. Being careful not to snap the slide, remove the chamber walls 
from the slide. Again, dab/wick away any remaining liquid 
with a chemwipe tissue paper (see Note 11).

 11. Add a drop of mounting media to the cells and coverslip them. 
Cover the slide and place in a drawer to set overnight (see 
Note 13).

The recycling assay is designed to probe the recycling pool of 
HA-GLUT4-GFP during insulin stimulation, allowing the anti-
HA antibody to be internalized. The internalized anti-HA anti-
body functions to label the endosomal compartments to which 
GLUT4 are recycled once it leaves the cell surface (see Fig. 2). 
Therefore, for the recycling assay to work, anti-HA antibody must 
be present in the media while insulin stimulation is occurring.

 1. Prepare an aliquot of starvation medium containing 10 nM 
insulin and anti-HA antibody diluted 1:1000 (see Note 10). At 
the end of the 2-h starvation period, replace the media in the 
chamber slides with either 500 μL fresh starvation medium for 
the basal condition or 500 μL 10 nM insulin for the stimulated 
condition. Incubate at 37 °C and 5 % CO2 for 2 h.

 2. During the insulin stimulation period, prepare the fixing solu-
tion, unlabeled antibody, permeabilization solution, and 
blocking buffer. Keep the unlabeled antibody and blocking 
buffer on ice. Set up three beakers of cold dPBS on ice for 
sequential washing (see Note 9).

 3. Immediately at the end of the 30-min insulin stimulation, 
dump the media into a waste beaker and sequentially dip the 
chamber slide through 3 × ice-cold dPBS rinses. Dab/wick 
away excess liquid with a chemwipe tissue paper (see Note 11). 
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Add 500 μL fixing solution to each chamber. Leave on the 
benchtop at room temperature for 20 min.

 4. Decant the fixing solution into the waste beaker and sequentially 
dip the chamber slide through 3 × ice-cold dPBS rinses. Dab/
wick away excess liquid with a chemwipe tissue paper. Add 
500 μL unlabeled antibody to block detection of HA-GLUT4-
GFP that has remained at the cell surface. Place on a rocking 
platform shaker at room temperature for 1 h.

 5. Decant the unlabeled antibody into the waste beaker and 
sequentially dip the chamber slide through 3 × ice-cold dPBS 
rinses. Dab/wick away excess liquid with a chemwipe tissue 
paper. Add 500 μL fixing solution to cross-link the unlabeled 
antibody, locking it in place. Leave on the benchtop at room 
temperature for 20 min.

Fig. 2 GLUT4 translocation and HA epitope antibody labeling. As GLUT4 final 
processing occurs in the trans-Golgi, it is sorted into small GLUT4 storage vesi-
cles (GSVs) where they are primarily stored under basal conditions. Upon insulin 
stimulation, the GSVs translocate to the cell surface to incorporate their GLUT4 in 
the plasma membrane. It is at this point that the HA epitope becomes exposed 
and available for probing. Beyond the initial wave of translocation to the cell 
surface, GLUT4 will begin to be pulled from the plasma membrane to the insulin-
responsive compartment (IRC), from where it can continue to recycle to and from 
the plasma membrane while insulin stimulation continues. As the insulin signal 
wanes, GLUT4 will begin to be targeted to the early endosomal compartment (EE) 
from where it can ultimately be resorted back into GSVs to prepare for the 
next insulin stimulation. The recycling assay is designed to visualize the early 
compartments in GLUT4 recycling, such as the IRC and EE
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 6. Halfway through the fixing solution incubation period, 
prepare the quenching solution (see Note 12).

 7. Decant the fixing solution into the waste beaker and sequentially 
dip the chamber slide through 3 × ice-cold dPBS rinses. Dab/
wick away excess liquid with a chemwipe tissue paper. Add 
500 μL cold quenching solution. Place the slide on ice for 
30 min, refreshing the quenching solution at 10-min intervals 
for a total of 3 × 10-min quenches.

 8. Decant the quenching solution into the waste beaker and 
sequentially dip the chamber slide through 3 × ice-cold dPBS 
rinses. Dab/wick away excess liquid with a chemwipe tissue 
paper. Add 500 μL permeabilization solution to allow for the 
internalized anti-HA antibody to be accessible to the labeled 
secondary antibody. Place on a rocking platform shaker at 
room temperature for 15 min.

 9. Decant the permeabilization solution into the waste beaker 
and sequentially dip the chamber slide through 3 × ice-cold 
dPBS rinses. Dab/wick away excess liquid with a chemwipe 
tissue paper. Add 500 μL blocking solution. Place on a rocking 
platform shaker at room temperature for 15 min.

 10. Decant the blocking buffer into the waste beaker and sequen-
tially dip the chamber slide through 3 × ice-cold dPBS rinses. 
Dab/wick away excess liquid with a chemwipe paper. Add 
500 μL secondary antibody that has a conjugated fluorophore. 
This will label all anti-HA that had been internalized during 
the insulin stimulation period. Place on a rocking platform 
shaker at 37 °C for 30 min.

 11. Decant the secondary antibody and sequentially dip the chamber 
slide through three ice-cold dPBS rinses. Rinse chambers with 
500 μL molecular grade water. Dump the water into the waste 
beaker. Dab/wick away excess liquid with a chemwipe tissue paper.

 12. Being careful not to snap the slide, remove the chamber walls 
from the slide. Again, dab/wick away any remaining liquid 
with a chemwipe tissue paper (see Note 11).

 13. Add a drop of mounting media to the cells and coverslip 
them. Cover the slide and place in a drawer to set overnight 
(see Note 13).

4 Notes

 1. While the HA-GLUT4-GFP can be used in other experimen-
tal designs, it enables single-cell assay approaches, lending 
itself to confocal microscopy imaging. We have access to and 
image our transfected cells with a Leica SP2 MP confocal 
microscope, using a 63× objective lens with oil immersion. 

GLUT4 Translocation Assay
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It is important to recognize that the cells are undergoing 
transfection and analysis before they have had a chance to fully 
mature (see Note 4). Another pitfall is the low transfection 
efficiency (see Notes 4–6). Therefore, stringent morphological 
criteria should be outlined prior to imaging cells to ensure that 
a true adipocyte and not a fibroblast is being imaged. In gen-
eral, verify that it (i) has GFP expression and not just strong 
background autofluorescence; (ii) is squamous in shape; (iii) 
exhibits strong perinuclear GFP staining; and (iv) has lipid 
droplets. Using these criteria, our chosen cells’ z-planes (cell 
thickness) range from 15 to 25 μm. We collect 13 z-stacks 
(image slices) per cell. More stacks would provide better reso-
lution, but each slice increases the imaging time, which also 
increases the risk of photo bleaching. Find a balance between 
resolution and imaging time. For simple quantification, we use 
the Leica LCS Lite software to generate maximum-intensity 
projections for each cell’s 13 z-stacks. We are then able to 
outline and isolate each cell to get a SumIntensity value for 
each color channel in the image. We quantify and represent 
GLUT4 translocation as a ratio of Alexa 647 to GFP fluores-
cence (see Note 3). It is also important to be aware of the 
geometry of the fluorophore signal. Depending on the experi-
mental conditions, if the GLUT4 is restricted to a particular 
compartment the signal becomes compacted, while the 
GLUT4 may not be restricted in another experimental condi-
tion, allowing that same number of signaling molecules to 
spread into nonoverlapping vesicles. Signal from overlapping 
vesicles can underestimate total protein levels if the pixels 
become saturated. Assuming equivalent transfection rates, 
comparing total GFP fluorescence between experimental 
conditions should reveal whether or not a given condition 
impacts your signal detection in this manner.

 2. NIH 3T3-L1 mouse pre-adipocyte fibroblasts should be 
grown and maintained in 100 mm cell culture dishes as previ-
ously described [19].

 3. We use goat serum in our blocking buffer and antibody 
mixtures. Our secondary is an Alexa 647-conjugated goat 
anti-mouse antibody. We found matching the species of the 
blocking buffer with the parent species of the secondary 
reduced background and nonspecific binding signal. Also, we 
chose an Alexa 647-conjugated antibody because the excitation 
and emission spectrums of Alexa 647 and GFP have minimal 
cross-interference. Lastly, the dilution indicated above is 
optimized for work with our specific antibodies of choice. 
Deviations from these antibody dilutions may be required for 
each antibody.
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 4. Standard 3T3-L1 differentiation protocols typically continue 
to supplement their maturation media with 175 nM insulin 
during days 4–6, following the DII differentiation cocktail 
during days 1–3. We found that taking day-5 cells for transfec-
tion, we were often working with cells that exhibited a muted 
response to insulin when we would later try to stimulate with 
10 nM insulin. Due to this observed temporary insulin resis-
tance, we removed insulin from the maturation medium dur-
ing days 4 and 5. In addition, 3T3-L1 adipocytes are not 
completely mature until around days 8 and 9. We found that 
the transfection rates worsen the older the cells got, while 
day-5 adipocytes exhibit the highest transfection efficiency. 
We suspect that this is a result of the presence of more lipid 
droplets in the more mature adipocytes.

 5. The voltage and current settings for optimal electroporation 
may vary between electroporation systems. It will be important 
to perform tests to ensure that the cells are being pulsed with the 
optimal voltage and current. Refer to the electroporation sys-
tem’s manual to evaluate any changes that may need to be made.

 6. In our experience, electroporation of 3T3-L1 adipocytes has a 
low transfection rate. However, it is the most effective tran-
sient transfection method available for these cells, as other 
methods, such as the use of lipofectamine reagents, do not 
function well in the high-lipid environment of the adipocyte. 
Therefore, in order to obtain optimal transfection, it will be 
important to determine the proper cell/plasmid ratio with 
each electroporation system (see Note 5).

 7. For our experiments, we use 4-well-chamber culture slides 
from BD Falcon. The volumes and amounts listed are based 
on our work with those. However, if plating transfected cells 
in other chambers and/or dishes with different sizes, simply 
adjust volumes accordingly.

 8. Some experimental designs, such as assessing the effect of 
chronic hyperinsulinemia on GLUT4 redistribution, may 
require overnight treatment. It is best to prepare the experi-
mental treatment in the post-electroporation media at double 
the desired final concentration. Once the cells have had the 
opportunity to recover fully and set down on the slide, 
addition of the post-electroporation media containing the 
treatment will dilute it twofold.

 9. We have found that using aspiration to remove the various 
solutions and washes from the chambers dislodged our cells. 
Over the course of the many steps, aspiration appears to disrupt 
the integrity of many of the cells near the site of aspiration. We 
found that simply decanting the liquid from the chambers was 
sufficient to empty the chambers. In a similar manner, we also 

GLUT4 Translocation Assay



172

found that dipping the slides into the dPBS washes improved 
overall cell integrity by removing the strong directed flow that 
can accompany pipetting.

 10. Prepare the 10 nM insulin aliquot as close to the time of use 
as possible. This is also the point at which anti-HA antibody 
needs to be incubated with the cells for the recycling assay. 
This can be expanded to other membrane-trafficking proteins, 
such as the transferrin receptor [13, 18].

 11. When removing liquids from the chambers and the slide with 
a chemwipe, it is important to not allow the cells to dry out. 
While decanting and wicking away any excess liquids is essen-
tial, such that the integrity and specific dilution of the various 
solutions are maintained, small amounts of liquid must be left 
behind to keep the cells from drying out. This is especially 
important while removing the chambers from the slide, since 
this is the longest period of time that the cells will not be 
covered. Have mounting media and coverslips ready at hand 
to seal the cells quickly after the removal of the chambers.

 12. NaBH4 is the quenching reagent that we have found works 
best for reducing the autofluorescence induced by paraformal-
dehyde cross-linking, as well as the general autofluorescence 
the lipid-laden adipocytes exhibit. This is a solid that when 
dissolved begins to effervesce. For this reason, it should be 
prepared just before use.

 13. We use Prolong Gold with or without DAPI. In our experience 
with this reagent, the mounting media does not always fully 
solidify overnight. However, due to its viscous nature as it does 
set up, any movement of the coverslip after it is laid down risks 
shearing the cells underneath, making them unfit for imaging. 
To avoid this, we recommend applying a drop of clear fingernail 
polish at the corners of the coverslips upon mounting.
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Chapter 14

GLUT4 Translocation in Single Muscle Cells in Culture: 
Epitope Detection by Immunofluorescence

Javier R. Jaldin-Fincati, Philip J. Bilan, and Amira Klip

Abstract

GLUT4 is the major glucose transporter in skeletal muscle. GLUT4 cycles to and from the plasma mem-
brane and its exocytic rate is accelerated by insulin and muscle contraction to achieve a new steady state 
with more GLUT4 proteins at the muscle cell surface. To gain a better understanding of the molecular and 
cellular mechanisms that govern GLUT4 protein recycling, we developed an in vitro model in which myc-
epitope-tagged GLUT4 or GLUT4-GFP is expressed in L6 skeletal muscle cells. The myc-epitope is 
inserted into an exofacial domain that is accessible to anti-myc antibodies from the outside of non-perme-
abilized cells, allowing one to count the number of transporters at the cell surface. This enables one to 
perform single-cell analysis using confocal fluorescence microscopy to quantify cell surface GLUT4myc or 
GLUT4myc-GFP in cells co-transfected with diverse cDNA constructs, treated with siRNAs, or co-stained 
with antibodies for other proteins of interest. Herein, we describe the methodology to perform these 
experimental approaches in insulin-stimulated L6 muscle cells.

Key words GLUT4 translocation, GLUT4-GFP, Vesicle traffic, Insulin, L6 muscle cells, Glucose 
uptake, Skeletal muscle

1 Introduction

Skeletal muscle is the principal consumer of dietary glucose, the 
bulk of which is stored as glycogen. This homeostatic process is 
regulated by insulin action. During muscle contraction, skeletal 
muscles also consume glucose but in this case it is metabolized 
through glycolysis and the Krebs cycle to generate ATP. The rate-
limiting step of glucose utilization by skeletal muscle is glucose 
transport [1]. In the resting, postabsorptive state, GLUT4 dynam-
ically cycles from internal membrane stores to the cell surface. 
Insulin primarily accelerates the exocytic rate of GLUT4-
containing vesicles. In mature muscle, the number of GLUT4 
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glucose transporters at the muscle cell surface is rapidly increased 
by the mobilization and insertion of intracellular GLUT4-
containing vesicles into the two domains of the muscle cell sur-
face: the sarcolemma and the T-tubules [2]. Typically, most 
muscles examined increase glucose uptake by two- to threefold in 
response to insulin, and where, measured, this is underscored by a 
parallel twofold increase in surface GLUT4 [3]. In contrast, dur-
ing conditions of energy demand, GLUT4 endocytosis from the 
cell surface is slowed down [4–7], suggesting that exercise may 
increase GLUT4-containing vesicle exocytosis and delay GLUT4 
endocytosis. In the pathological conditions of obesity and type 2 
diabetes, the insulin responsiveness of glucose transport (as well as 
other actions of insulin) is blunted [8]. At the molecular level, 
insulin signal transduction is reduced [9, 10] resulting in lower 
than normal GLUT4 translocation to the surface membranes. 
Therefore, understanding the mechanisms that regulate GLUT4 
vesicle traffic to and from the muscle cell surface has major physi-
ological implications on glucose homeostasis in health and 
disease.

Due to imprecise methods and the architecture of skeletal muscle, 
it has been complicated to quantify GLUT4 translocation in the intact 
tissue, although a number of studies have successfully used sophisti-
cated imaging approaches [11, 12]. These strategies detect GLUT4 at 
the cell periphery, but do not ascertain that the transporter is inserted 
in the membrane, as required to enact glucose uptake. A membrane-
impermeant, glucose photoaffinity label has been used to this end, but 
this requires laborious membrane solubilization, pull-down of labeled 
GLUT4 proteins, and gel electrophoresis [13].

To circumvent these impasses, we have generated and 
improved cellular models of muscle cells in culture suitable to 
study GLUT4 translocation. L6 muscle cells, originally derived 
from day-old rat skeletal muscle, propagate as mononucleated 
myoblasts but upon serum removal differentiate by cellular fusion 
into multinucleated primary myotubes [14, 15]. L6 myotubes 
express many proteins typical of skeletal muscle including the 
GLUT4 glucose transporter [16–18]. Insulin stimulates glucose 
uptake to a higher degree in differentiated L6 myotubes and 
GLUT4 expression parallels the acquisition of these characteristics 
during muscle differentiation [16, 19]. Another transporter, 
GLUT1, is expressed at low levels in mature skeletal muscle fibers 
but is abundant in most cells in culture and also contributes to 
glucose uptake [20]. Over the years we selected an L6 muscle cell 
clone that expresses relatively lower levels of this transporter.

To more precisely ascertain the regulation of GLUT4 in muscle 
cells and to better understand the molecular mechanisms of this 
regulation, we generated an L6 myoblast cell line that stably 
expresses the GLUT4 protein containing a 14-amino-acid epitope 
of human c-myc within its first exofacial loop [21, 22]. L6-GLUT4myc 
cells differentiate normally from myoblasts to myotubes and they 
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respond to insulin with a twofold stimulation of glucose uptake and 
twofold translocation of GLUT4myc to their cell surface [22]. In 
L6-GLUT4myc myotubes, GLUT4myc levels are greater than those 
of the endogenous GLUT4 or GLUT1 by almost 100-fold and 
GLUT4myc determines glucose influx [23, 24]. Furthermore, 
GLUT4myc recycling is highly similar to that of endogenous 
GLUT4 as far as the translocation of unlabeled transporter can be 
ascertained [25]. L6 GLUT4myc myotubes respond to insulin by 
phosphorylation of IRS-1, and activation of phosphatidylinositol 
3-kinase and protein kinase B (Akt/PKB) [26], which are necessary 
events in the stimulation of glucose uptake by insulin [27]. In vivo, 
excitation-contraction coupling of muscle fibers leads to a rapid rise 
of intracellular calcium ions, and this response can also be evoked in 
the muscle cells. Accordingly, we have examined the signal trans-
duction pathways triggered by a rise in cytosolic Ca2+ or energy 
demand that regulate GLUT4 traffic in L6-GLUT4myc cells [4, 5].

Interestingly, GLUT4myc recycling and its regulation by insu-
lin can be documented in myoblasts, which are already muscle 
committed and present an insulin-responsive GLUT4-specifc com-
partment that harbors insulin-regulated aminopeptidase (IRAP), 
and largely excludes GLUT1 [26, 28]. As such, L6-GLUT4myc 
myoblasts provide a muscle cell system in which GLUT4myc traffic 
can be easily studied. The cells are amenable to diverse molecular 
analyses due to their unobstructed morphology, and suitability to 
grow at sub-confluence, which is required for gene transfer and 
RNAi-mediated knockdown of proteins of interest [26, 29].

Arrival and insertion of the GLUT4myc protein at the cell sur-
face are monitored simply by labeling intact cells with anti-myc anti-
bodies [30] followed by enzyme-conjugated secondary antibodies 
in a colorimetric assay [22, 31] or by fluorophore-conjugated sec-
ondary antibodies for fluorescence microscopy detection [32]. The 
latter methodology will be featured in this protocol.

The L6-GLUT4myc cell technology has been very instructive 
for our understanding of insulin- and contraction-regulated 
GLUT4 traffic and the reader is directed to several reviews on this 
topic [24, 33–36].

2 Materials

 1. GLUT4myc expression vector: GLUT4myc cDNA is created by 
introducing a 14-codon myc-epitope encoding the protein 
sequence AEEQKLISEEDLLK between Pro66 and Gly67 of the 
rat GLUT4 cDNA. GLUT4myc cDNA is then cloned into the 
pEGFP-N1 vector by standard molecular biology protocols to 
create the GLUT4myc-GFP construct that expresses a chimeric 
protein with GFP fused to the C-terminus of GLUT4myc. 

2.1 cDNA Constructs 
and siRNA Oligomers
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Subsequently, GLUT4myc-GFP is sub-cloned into pcDNA3 to 
create the mammalian expression vector pcDNA3-GLUT4myc-
GFP (see Note 1).

 2. Other constructs carrying genes of interest, such as cDNAs 
for dominant-negative or constitutively active mutants, fluo-
rescent fusion proteins, or wild-type proteins in mammalian 
expression vectors.

 3. HP Custom or Flexitube siRNA oligomer product lines 
(Qiagen Sciences) or equivalent, of your choice.

 1. L6 myoblasts stably expressing GLUT4 and a myc-epitope in 
the first exofacial loop (L6-GLUT4myc) and a selection marker 
that confers blasticidin-HCl resistance (see Note 2).

 2. Immortalized L6 rat skeletal myoblasts, for transiently express-
ing the pcDNA3-GLUT4myc-GFP construct (see Note 2).

 1. Alpha modified Eagle’s medium with Earle’s salts and ribo-
nucleosides, L-glutamine, and deoxyribonucleosides 
(α-MEM).

 2. Cell culture medium: 10 % v/v Fetal bovine serum (FBS), 
100 IU/mL penicillin sodium salt, 100 μg/mL streptomycin 
sulfate, 0.25 μg/mL amphotericin B in α-MEM.

 3. Blasticidin-HCl solution: Blasticidin S, hydrochloride, 
Streptomyces sp., sterile-filtered aqueous solution, cell culture 
tested.

 4. Trypsin-EDTA solution: 0.5 % w/v Trypsin, 0.53 mM ethyl-
enediaminetetraacetic acid (EDTA) in sterile deionized water.

 5. Insulin solution: Human insulin (Humulin R) 100 IU/mL 
(Eli Lilly). Prepare working solutions of insulin in α-MEM 
without FBS to a final concentration of 100 nM or less (1 IU 
is equivalent to 0.0347 mg of human insulin).

 1. Transfection medium: 10 % v/v FBS in Opti-MEM 1. Opti-
MEM 1 consists of Eagle’s minimum essential media buffered 
with HEPES and sodium bicarbonate, and supplemented with 
hypoxanthine, thymidine, sodium pyruvate, L-glutamine, 
trace elements, and growth factors (Thermo Fisher Scientific).

 2. DNA transfection reagent: Fugene HD transfection reagent 
(Promega) (see Note 3).

 3. siRNA oligomer transfection reagent: jetPRIME® transfection 
reagent (Polyplus-transfection Inc) (see Note 3).

 1. Round precision coverslips, No. 1.5 and 18 mm diameter, for 
high-performance microscopy (Marienfeld-Superior).

 2. Cell culture multi-well plates with 12 wells.

2.2 Cell Lines

2.3 Cell Culture

2.4 Transient 
Transfection of DNA 
Constructs or siRNA 
Oligomers

2.5 Immunofluore 
scence

Javier R. Jaldin-Fincati et al.



179

 3. Cell culture flasks 75 cm2 (T75).
 4. Buffered salt solution: Phosphate-buffered saline (PBS) sup-

plemented with calcium and magnesium (see Note 4): 137 mM 
NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 
0.9 mM CaCl2, 0.5 mM MgCl2, pH 7.4.

 5. Paraformaldehyde (PFA) stock solution: 16 % w/v.
 6. Fixation solution: 3 % w/v PFA in PBS.
 7. Quenching solution: 50 mM NH4Cl in PBS.
 8. Permeabilization solution: 0.1 % w/v Triton X-100 in PBS.
 9. Blocking solution: 2 % w/v BSA in PBS.
 10. Antibody dilution buffer: 0.2 % w/v BSA in PBS.
 11. Primary antibody: Mouse monoclonal anti-myc antibody, 

clone 9E10 (Santa Cruz Biotechnology) and others (e.g., rab-
bit polyclonal IgG), as required.

 12. Secondary antibody: Goat anti-mouse IgG Cy®3-conjugate 
and other conjugated secondary antibodies (e.g., donkey anti-
rabbit IgG Cy®5-conjugate) as required.

 13. Fluorescence mounting medium.
 14. Parafilm M.
 15. Kimwipes EX-L delicate task wipers (Kimberly-Clark Corp.).
 16. Spinning disc confocal microscope: Inverted spinning-disc 

Olympus microscope IX81 equipped with a 60× numerical 
aperture (NA) 1.35 immersion objective, a CSU-X1-A 
Yokogawa spinning-disc unit, a Hamamatsu C9100–13 
EM-CCD camera and controlled by Volocity 6.1.2 software 
(PerkinElmer) (see Note 5).

3 Methods

 1. L6-GLUT4myc myoblasts are grown in T75 culture flasks 
with cell culture medium supplemented with 5 μg/mL blasti-
cidin-HCl (to provide selection pressure on the cells to main-
tain stable GLUT4myc expression) under incubation 
conditions: 37 °C, 5 % CO2, and 100 % relative humidity. 
When cells reach ~70 % of confluence they are subcultured for 
either growing or seeding for experiments.

 2. Culture medium in T75 culture flasks containing cells is dis-
carded and the cells are immediately washed once with sterile 
PBS that is free of calcium and magnesium.

 3. PBS is removed and cells are incubated with a minimum volume 
of a pre-warmed trypsin–EDTA solution for approximately 60 s 
(until the cells become rounded and start to detach from the 

3.1.1 Cell Culture

3.1 Cell Surface 
GLUT4myc Detection 
in L6-GLUT4myc 
Myoblasts

Measuring GLUT4 Translocation in Muscle Cells



180

plate, bumping the flask with the heel of the hand will aid cell 
release).

 4. Cells are suspended in 10 mL of cell culture medium supple-
mented with 5 μg/mL blasticidin-HCl with continuous and 
gentle up-and-down pipetting.

 5. Cells are counted using a Z2 Coulter counter (Beckman 
Coulter).

 6. Cells are seeded at 2.5 × 106 cells/T75 flask for growing or 
1.2 × 105 cells/well 12-well plates for transfection experiments.

Optional: To be done before DNA transfection (see Note 6).

 1. L6-GLUT4myc myoblasts are seeded at 1.2 × 105 cells/well 
under sterile conditions on 18 mm diameter round coverslips 
(see Note 7) in 12-well plates approximately 18–24 h before 
transfection.

 2. On the transfection day, cells are washed twice with warm PBS 
and 1.0 mL per well of transfection medium is added. The 
cells are kept under incubation conditions until jetPRIME®–
siRNA complex for transfection is prepared following the 
manufacturer’s recommendations (see Note 8).

 3. Add dropwise 100 μL of complexes per well and mix thor-
oughly with swirling (final siRNA concentration is 200 nM).

 4. After 24 h of incubation, the transfection medium containing 
the complexes is replaced by cell culture medium without 
blasticidin-HCl.

 5. Allow cells to incubate with siRNA for 48 h after transfection 
(see Note 9).

Optional procedure, see Note 10.

 1. L6-GLUT4myc myoblasts are seeded at 1.2 × 105 cells/well 
under sterile conditions on 18 mm diameter coverslips (see 
Note 7) in 12-well plates approximately 18–24 h before 
transfection.

 2. On the transfection day, cells are washed twice with warm PBS 
and 950 μL per well of transfection medium is added. The cells 
are kept under incubation conditions until Fugene HD/DNA 
complexes for transfection are prepared following the manu-
facturer’s recommendations (see Note 11). If cells are also to 
be co-transfected with another DNA construct, see Note 12. 
If cells are also to be transfected with siRNA, follow the specific 
indications for that procedure and see Notes 8 and 9.

 3. Add dropwise 50 μL of the transfection DNA complexes per 
well to the cells, and mix thoroughly with swirling.

3.1.2 Transfection 
of L6-GLUT4myc Myoblasts 
with siRNA Oligomers

3.1.3 Transfection 
of L6-GLUT4myc Myoblasts 
with DNA Constructs
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 4. After 4 h of incubation, the transfection medium containing 
the complexes is replaced by cell culture medium without 
blasticidin-HCl.

 5. Perform DNA transfection 24 h before the detection and 
quantification of GLUT4myc levels at the plasma membrane.

 1. L6-GLUT4myc myoblasts are incubated in serum-free α-MEM 
for at least 3 h and no more than 6 h before the start of the 
experiment (see Note 13). Carry an extra coverslip (basal, 
non-transfected) that will receive only the secondary conju-
gated antibody and will be used for background estimation.

 2. Small-molecule inhibitors or activators are incubated with the 
cells for the specified period of time during the serum-depriva-
tion phase and together with the stimulus if required (see Note 
14).

 3. Then, serum-deprived cells are washed twice with serum-free 
α-MEM and stimulated or not (basal condition) with working 
solutions of insulin (up to 100 nM) for 10 min at 37 °C.

 4. After stimulation with insulin, the cells are rapidly washed 
three times with cold PBS and then fixed with ice-cold fixation 
solution for 30 min on ice.

 5. After fixation, cells are washed once with PBS at room tem-
perature and then incubated with quenching solution for 
15 min at room temperature.

 6. Then the cells are washed three times with PBS and incubated 
with blocking solution for 30 min at room temperature.

 7. After the blocking step, the cells are incubated for 1 h at 37 °C 
with a dilution (1:100) of primary anti-myc antibody prepared 
in antibody dilution buffer. Put 100 μL of the antibody dilu-
tion on clean Parafilm and place each coverslip facedown upon 
its antibody droplet (see Note 15).

 8. Following incubation with the primary antibody dilution, the cov-
erslips are returned to the plate and washed three times with anti-
body dilution buffer for 5 min each with continuous shaking.

 9. Afterwards, the cells are incubated with a dilution (1:1000) of a 
secondary goat-anti-mouse Cy®3-conjugate for 45 min at 37 °C 
prepared in antibody dilution buffer. Also, prepare the control 
coverslip (non-transfected, basal) that will only receive the Cy®3-
fluorophore secondary antibody conjugate to be used to calculate 
background fluorescence. Place 100 μL of the antibody dilution 
on clean Parafilm and place each coverslip facedown on it.

 10. After the incubation with the secondary antibody the cover-
slips are returned to the plate and washed five times with PBS 
for 5 min each with continuous shaking.

3.1.4 Immunofluorescence 
for Detection of GLUT4myc  
at the Plasma Membrane
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 11. If other proteins, either endogenous or transfected proteins, 
need to be detected, follow steps 12–14 of Subheading 3.1.4, 
since cell permeabilization is required to immunostain these 
proteins with primary antibodies; otherwise, jump to step 16 
of Subheading 3.1.4.

 12. Incubate coverslips with permeabilization solution for 15 min 
at room temperature (see Note 16).

 13. Wash the cells three times with PBS and incubate with block-
ing solution for 30 min at room temperature.

 14. After the blocking step, the cells are incubated for 1 h at 37 °C 
with a rabbit primary antibody against the intracellular pro-
tein, diluted in antibody dilution buffer. Put 100 μL of the 
antibody dilution on clean Parafilm and place each coverslip 
facedown upon its antibody droplet. Then the coverslips are 
returned to the plate and washed three times with PBS for 5 
each min at room temperature.

 15. Afterwards, the cells are incubated with a dilution (1:1000) of 
a secondary donkey-anti-rabbit Cy®5-conjugate (if necessary, 
see Note 17) for 45 min at 37 °C prepared in antibody dilu-
tion buffer. Also, prepare a control coverslip (non-transfected, 
basal) that will receive the Cy®5-fluorophore secondary anti-
body conjugate. Put 100 μL of the antibody dilution on clean 
Parafilm and place each coverslip facedown on it. Then the 
coverslips are returned to the plate and washed three times 
with PBS for 5 min each at room temperature.

 16. Lift each coverslip with forceps and remove PBS excess by 
dabbing the edge of the coverslip on a static-free Kimwipe tis-
sue paper. Mount the samples by inverting each coverslip into 
a drop (25 μL) of fluorescence mounting medium on glass 
microscope slides.

 17. Samples are allowed to air-dry overnight before visualizing in 
the microscope. The samples can be stored at −20 °C and 
protected from light for up to 1 month.

 1. L6 myoblasts are grown in T75 culture flasks with cell culture 
medium under incubation conditions: 37 °C, 5 % CO2, and 
100 % relative humidity. When cells reach ~70 % of confluence 
they are subcultured for either growing or seeding for 
experiments.

 2. Culture medium in T75 culture flasks containing cells is dis-
carded and the cells are immediately washed once with sterile 
PBS that is free of calcium and magnesium.

 3. PBS is removed and cells are incubated with a minimum vol-
ume of a pre-warmed trypsin–EDTA solution for approxi-
mately 60 s (until the cells become rounded and start to detach 

3.2 Cell Surface 
GLUT4myc-GFP 
Detection in L6 Cells

3.2.1 Cell Culture
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from the plate, bumping the flask with the heel of the hand 
will aid cell release).

 4. Cells are suspended in 10 mL of cell culture medium with 
continuous and gentle up-and-down pipetting.

 5. Cells are counted using a Z2 Coulter counter (Beckman 
Coulter).

 6. Cells are seeded at 2.5 × 106 cells per T75 flask for growing or 
1.2 × 105 cells/well (M12) for transfection experiments.

 1. L6 myoblasts are seeded at 1.2 × 105 cells/well under sterile 
conditions on the round precision coverslips for microscopy 
(see Note 7) in 12-well plates approximately 18–24 h before 
transfection.

 2. On the transfection day, cells are washed twice with warm PBS 
and 1.0 mL per well of complete transfection medium is 
added. The cells are kept under incubation conditions until 
jetPRIME®–siRNA complex for transfection is prepared fol-
lowing the manufacturer’s recommendations (see Note 8).

 3. Add dropwise 100 μL of complexes per well and mix thor-
oughly with swirling (final siRNA concentration is 200 nM).

 4. After 24 h of incubation, the transfection medium containing 
the complexes is replaced by cell culture medium.

 5. Allow cells to incubate with siRNA for 48 h after transfection 
(see Note 9).

Optional procedure, see Note 10.

 1. L6 myoblasts are seeded at 1.2 × 105 cells/well under sterile 
conditions on 18 mm diameter coverslips (see Note 7) in 
12-well plates approximately 18–24 h before transfection.

 2. On the transfection day, cells are washed twice with warm PBS 
and 950 μL per well of transfection medium is added. The 
cells are kept under incubation conditions until Fugene HD/
GLUT4myc-GFP DNA complex for transfection is prepared 
following the manufacturer’s recommendations (see Note 
11). If cells are also to be co-transfected with another DNA 
construct, see Note 12. If cells are also to be transfected with 
siRNA, follow the specific indications for that procedure and 
see Notes 8 and 9.

 3. Add dropwise 50 μL of complex per well to the cells, and mix 
thoroughly with swirling.

 4. After 6 h of incubation, the transfection medium containing 
the complex is replaced by cell culture medium.

 5. The experiment for detection and quantification of 
GLUT4myc-GFP levels at the plasma membrane is performed 
24 h after transfection.

3.2.2 Transfection of L6 
Myoblasts with siRNA 
Oligomers (Optional, 
to Be Done Before DNA 
Transfection, See Note 6)

3.2.3 Transfection  
of L6 Myoblasts with the 
GLUT4myc-GFP DNA 
Construct
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 1. L6-GLUT4myc-GFP is incubated in serum-free α-MEM for at 
least 3 h and no more than 6 h before the start of the experi-
ment (see Note 13). Carry an extra coverslip (basal, non-trans-
fected) that will receive only the secondary conjugated 
antibody and will be used for background estimation.

 2. Small-molecule inhibitors or activators are incubated with 
the cells for the specified period of time during the serum-
deprivation phase and together with the stimulus if required 
(see Note 14).

 3. Then, serum-deprived cells are washed twice with serum-free 
α-MEM and stimulated or not (basal condition) with working 
solutions of insulin (up to 100 nM) for 10 min at 37 °C.

 4. After stimulation with insulin, the cells are rapidly washed 
three times with cold PBS and then fixed with cold fixation 
solution for 30 min on ice.

 5. After fixation, cells are washed once with PBS at room tem-
perature and then incubated with quenching solution for 
15 min at room temperature.

 6. Then the cells are washed three times with PBS and incubated 
with blocking solution for 30 min at room temperature.

 7. After the blocking step, the cells are incubated for 1 h at 37 °C 
with a dilution (1:100) of primary anti-myc antibody prepared 
in antibody dilution buffer. Put 100 μL of the antibody dilu-
tion on clean Parafilm and place each coverslip facedown upon 
its antibody droplet (see Note 15).

 8. Following incubation with the primary antibody dilution, the cov-
erslips are returned to the plate and washed three times with anti-
body dilution buffer for 5 min each with continuous shaking.

 9. Afterwards, the cells are incubated with a dilution (1:1000) of 
a secondary goat-anti-mouse Cy®3-conjugate for 45 min at 
37 °C prepared in antibody dilution buffer. Also, prepare the 
control coverslip (non-transfected, basal) that will only receive 
the Cy®3-fluorophore secondary antibody conjugate to be 
used to calculate background fluorescence. Place 100 μL of 
the antibody dilution on clean Parafilm and place each cover-
slip facedown on it.

 10. After the incubation with the secondary antibody the cover-
slips are returned to the plate and washed five times with PBS 
for 5 min each with continuous shaking.

 11. If other proteins, either endogenous or transfected proteins, 
need to be detected, follow steps 12–14 of Subheading 3.2.4, 
since cell permeabilization is required to immunostain these 
proteins with primary antibodies; otherwise, jump to step 16 
of Subheading 3.2.4.

3.2.4 Immunofluorescence 
for Detection of  
GLUT4myc-GFP at the  
Plasma Membrane
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 12. Incubate coverslips with permeabilization solution for 15 min 
at room temperature (see Note 16).

 13. Wash the cells three times with PBS and incubate with block-
ing solution for 30 min at room temperature.

 14. After the blocking step, the cells are incubated for 1 h at 37 °C 
with a rabbit primary antibody against the intracellular pro-
tein, diluted in antibody dilution buffer. Put 100 μL of the 
antibody dilution on clean Parafilm and place each coverslip 
facedown upon its antibody droplet. Then the coverslips are 
returned to the plate and washed three times with PBS for 5 
each min at room temperature.

 15. Afterwards, the cells are incubated with a dilution (1:1000) of 
a secondary donkey-anti-rabbit Cy®5-conjugate (if necessary, 
see Note 17) for 45 min at 37 °C prepared in antibody dilu-
tion buffer. Also, prepare a control coverslip (non-transfected, 
basal) that will receive the Cy®5-fluorophore secondary anti-
body conjugate. Put 100 μL of the antibody dilution on clean 
Parafilm and place each coverslip facedown on it. Then the 
coverslips are returned to the plate and washed three times 
with PBS for 5 each min at room temperature.

 16. Lift each coverslip with forceps and remove PBS excess by 
dabbing the edge of the coverslip on a static-free Kimwipe tis-
sue paper. Mount the samples by inverting each coverslip into 
a drop (30 μL) of fluorescence mounting medium on glass 
microscope slides.

 17. Samples are allowed to air-dry overnight before visualizing in 
the microscope. The samples can be stored at −20 °C and 
protected from light for up to 1 month.

 1. Acquisition settings (see Note 18): Before starting the image 
acquisition, sampling parameters need to be defined: The exci-
tation wavelength for GFP-, Cy®3-, and Cy®5-tagged proteins 
are 489 nm, 548 nm, and 649 nm, respectively. For this pro-
tocol, any set of laser lines that excite the fluorophores men-
tioned above can be used. Define the sampling density applying 
the Nyquist-Shannon sampling theorem (see Note 19). For 
the microscope used in this protocol, the minimal voxel size 
for reaching the sampling criteria is 45 × 45 × 147 nm (x, y, z) 
for the green channel, 50 × 50 × 160 nm (x, y, z) for the red 
channel, and 60 × 60 × 196 nm (x, y, z) for the far-red chan-
nel. Take into account that every user should adjust all global 
acquisition geometry parameters based on the channel param-
eters of the confocal microscope available to pursue the proto-
col (see Note 19). Adjust exposure time and camera gain 
sensitivity in order to avoid acquiring saturated pixels. Set 
those parameters per channel using the sample with the high-
est intensity of fluorescence.

3.3 Acquisition 
and Quantification 
of Confocal Images

Measuring GLUT4 Translocation in Muscle Cells
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 2. Image acquisition: Acquire the images keeping the preestab-
lished acquisition settings constant between the different 
experimental conditions to be compared.

 3. Immunofluorescence of L6-GLUT4myc: First acquire xy-
plane images along the entire z-plane (red channel and if nec-
essary far-red channel) of a non-transfected, basal condition 
coverslip incubated only with conjugated secondary antibod-
ies. These images are used to estimate the level of background 
fluorescence generated by the nonspecific binding of the sec-
ondary antibody to the cells (measured in the red channel 
and/or the far-red channel in non-permeabilized or permeabi-
lized cells). Acquire xy-plane images along the entire z-plane 
(red channel and if necessary far-red channel) in all experimen-
tal conditions. For quantitative purposes at least 30 cells per 
condition need to be imaged. Perform at least three indepen-
dent experiments for assessing significant differences.

 4. Immunofluorescence of L6 cells transfected with GLUT4myc-
GFP: First acquire xy-plane images along the entire z-plane 
(red channel and if necessary far-red channel) of a non-trans-
fected, basal condition coverslip incubated only with conju-
gated secondary antibodies, but not primary antibodies. These 
images are used for estimating the level of background fluores-
cence generated by the nonspecific binding of the secondary 
antibodies to the cells (measured in the red channel and/or 
the far-red channel in non-permeabilized or permeabilized 
cells) (see Note 20). With the experimental samples, acquire 
xy-plane images along the entire z-plane (green channel, red 
channel, and, if necessary, far-red channel) of transient trans-
fected cells under basal and stimulated conditions, avoiding 
seeking out transfected cells displaying the strongest expres-
sion levels. For quantitative purposes at least 30 cells per con-
ditions need to be imaged (see Fig. 1a). Perform at least three 
independent experiments for assessing significant differences.

 5. Image quantification: Generate z-projections of each z-stack 
image using Volocity 6.1.2 software (PerkinElmer, Waltham, 
MA, USA).

 6. Export the z-projections as TIFF files. Using ImageJ software 
(NIH) convert images to grey scale (one-channel images) or sep-
arate channels using split-channel function. Save each channel 
image as a separate TIFF file. Perform background subtraction 
using the rolling-ball background subtraction function (use the 
same rolling ball radius for all the samples that are to be 
compared).

 7. Using the threshold function select each cell (outlining each 
cell’s contour) that will be quantified as a region of interest 
(ROI) and add it to the ROI manger.
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Fig. 1 Detection of cell surface GLUT4myc-GFP in intact cells after insulin stimulation. (a) L6 myoblasts grown on cover-
slips were transiently transfected with GLUT4myc-GFP (24 h), then serum-deprived for 3 h, and incubated with insulin 
(100 nM, 10 min) or without and processed as described (current protocol). The figure shows a representative single 
composite of stacked xy-projections of confocal images in transfected cells. The total expression level of GLUT4myc-GFP 
is shown in the left panels (green channel, GFP) and the cell surface GLUT4myc-GFP (antibody labeling of exofacial –myc 
epitope) is shown in the right panels (red channel, surface α-myc). Dashed lines define regions of interest (ROIs). Scale 
bar represents 10 μm. (b) The graph shows the fold increase in the ratio of mean pixel intensities in the ROI for the red 
channel (cell surface GLUT4myc-GFP) normalized to the mean pixel intensities of the green channel (total GLUT4myc-
GFP) for cells treated with insulin relative to non-treated (basal) cells (mean ± SD, n = 3, *p < 0.05)
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 8. Determine the mean grey value within each ROI. Calculate 
the averages and SEM of the mean grey values per condition 
including backgrounds. Final expression levels of GLUT4myc 
at the cell surface are calculated after subtracting background 
estimations, as appropriate. For L6 cells transfected with 
GLUT4myc-GFP, it is necessary to normalize the intensity of 
fluorescence of the red channel (surface α-myc) with the inten-
sity of fluorescence of the green channel (GLUT4myc-GFP). 
Finally, the results are expressed like fold changes with respect 
to the basal condition (see Fig. 1b).

4 Notes

 1. The constructs are available upon request. Experimental 
details on generation of GLUT4myc cDNA can be found in 
reference [37] and the mammalian expression vector 
pcDNA3-GLUT4myc-GFP in reference [38]. If some experi-
ments require co-transfection of DNA constructs that express 
a GFP-fusion protein, GLUT4myc-mCherry replaces 
GLUT4myc-GFP [39].

 2. Both the L6-GLUT4myc Rat Myoblast Cell Line and the L6 
Rat Myoblast Cell Line can be obtained commercially 
(Kerafast). Establishment of these cell lines is described in 
details elsewhere [22, 26, 32].

 3. The L6 cells perform best in the media stated. Fugene HD 
transfection reagent for DNA and jetPRIME® transfection 
reagent for siRNA oligomers perform well with L6 and 
L6-GLUT4myc myoblasts. Other reagents can be substituted 
with alternatives and proper evaluation.

 4. Calcium and magnesium are important for cell adhesion as 
these ions allow optimal activity of integrins and cadherins.

 5. While we use a spinning-disc confocal microscope, any type of 
confocal microscope can be used with this protocol.

 6. This procedure is performed in cases where it is desirable to 
determine the participation of different proteins on 
GLUT4 translocation.

 7. Coverslip preparation (cleaning and sterilization): Make 1 M 
HCl in a glass container and put coverslips (#1.5) in it. Heat the 
acid to 50–60 °C for 4–16 h with occasional agitation. Cool to 
room temperature. Rinse out 1 M HCl with filtered (0.45 μm) 
MilliQ H2O. Wash the coverslips extensively in MilliQ H2O 
(two times 30 min each) with continuous agitation. Be sure to 
wash out the acid between stuck coverslips. Wash the coverslips 
with 70 % EtOH 2 h with continuous agitation. Wash the cov-
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erslips with 95 % EtOH 1 h with continuous agitation. Rinse 
out 95 % EtOH with MilliQ H2O. Dry coverslips between 
sheets of Whatman filter paper or light-duty tissue wipers. Bake 
in a glass container with foil for 2–4 h at 180 °C.

 8. Complex reagent/siRNA oligomer preparation: Prepare 
100 μL of siRNA (220 pmol) in jetPRIME® buffer (from 
20 μM stock) in Opti-MEM I per coverslip. For controls, pre-
pare coverslips that are not transfected and transfected with a 
non-targeting siRNA at the same final concentration. Add 
3 μL volume of transfection reagent (jetPRIME®) Vortex for 
10 sec and spin down briefly. Incubate 10–15 min at room 
temperature.

 9. It is recommended to prepare an extra coverslip or an extra 
well to assess efficiency of siRNA-mediated knockdown of the 
endogenous protein by immunofluorescence or lysis and 
immunoblotting, respectively. The siRNA and cDNA transfec-
tions are rarely performed together in L6-GLUT4myc cells.

 10. This procedure is performed in cases where it is desirable to 
determine the participation of different kind of proteins in 
GLUT4 translocation (using dominant-negative and -positive 
versions) as well as when it is necessary to identify intracellular 
compartments avoiding immunostaining techniques (using 
fluorescently tagged proteins).

 11. Complex reagent/DNA construct preparation: Prepare 50 μL 
of plasmid solution (1 μg of DNA) in Opti-MEM I per cover-
slip. If a DNA construct is co-transfected with GLUT4myc-
GFP, use GLUT4myc-GFP at 0.5 μg and the other construct 
between 0.5 and 1 μg, as empirically determined. Add the nec-
essary volume of Fugene HD to get a reagent/DNA ratio of 
2:1. Mix carefully by vortexing briefly and spin down. Incubate 
for 10 min at room temperature.

 12. If co-transfections are performed, prepare a separate coverslip 
to assess efficiency of the co-transfected cDNA with the 
GLUT4myc-GFP cDNA.

 13. Pre-incubation of cells in serum-free medium prior to insulin 
addition ensures that insulin or other growth factors in the 
serum do not artificially modify the basal steady-state cell sur-
face levels of GLUT4myc (or GLUT4myc-GFP).

 14. Incubation time with cell-permeant small-molecule inhibi-
tors/activators prior to insulin addition is typically 30 min, 
but shorter incubation times can be empirically determined. 
DMSO vehicle should be no greater than 0.1 % w/v. The 
compatibility of higher amounts of DMSO or other solvents 
would have to be empirically determined. Inhibitors/activa-
tors that are cell-permeant peptides may require longer times 
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of incubation, such as 1–2 h, as recommended or tested. The 
serum-free condition of this incubation eliminates unwanted 
binding of small molecules to serum albumin. All inhibitors/
activators should be included during the insulin incubations. 
Basal cells should be incubated with vehicle alone for the 
same times as the inhibitor/activators.

 15. Incubation of coverslips face down on Parafilm allows one to 
minimize the volumes of the precious primary and secondary 
antibody solutions.

 16. DNA constructs that are transfected into L6-GLUT4myc cells 
or co-transfected with GLUT4myc-GFP in L6 cells are 
detected by antibodies that need access to intracellularly local-
ized epitopes on the wild-type protein or epitope tags (e.g., 
HA, FLAG). In these cases, permeabilization of the cells with 
Triton X-100-containing permeabilization solution for 15 min 
at room temperature could be required. Epitope tags are a 
special case, because the best primary antibodies for HA or 
FLAG are mouse monoclonal. In this case, good anti-myc epi-
tope rabbit polyclonal antibodies are available from 
Sigma-Aldrich.

 17. If primary antibodies were used to detect intracellular epit-
opes, secondary fluorophore conjugates in addition to Cy®3-
goat-anti-mouse will be necessary. We have written our 
protocol with the Cy®5 secondary antibody conjugate as the 
first option. We have used Alexa Fluor® 488 and Alexa Fluor® 
647 secondary antibody conjugates with success. Alexa Fluor® 
488 cannot be used with GLUT4myc-GFP because of emis-
sion spectra coincidence.

 18. This section contains acquisition settings and quantification 
methods for all the possibilities previously described in this 
protocol. For different fluorophores, fluorophore combina-
tions, and/or acquisition systems, further optimization is 
required.

 19. There are some deconvolution software companies that 
offer online tools for calculating Nyquist rate that can be 
used to define the minimal voxel size for image sampling 
(https://svi.nl/NyquistCalculator).

 20. For estimating the level of background fluorescence generated 
by transfection process, acquire xy-plane images along the 
entire z-plane (red channel and if necessary far-red channel) of 
specimens (basal condition) with transient transfected cells not 
incubated with neither primary nor secondary antibodies. The 
level of background fluorescence is measured in the red chan-
nel and/or the far-red channel in non-permeabilized or per-
meabilized cells.

Javier R. Jaldin-Fincati et al.
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Chapter 15

Glucose Transport: Methods for Interrogating GLUT4 
Trafficking in Adipocytes

Dougall M. Norris, Tom A. Geddes, David E. James, Daniel J. Fazakerley, 
and James G. Burchfield

Abstract

In this chapter we detail methods for the systematic dissection of GLUT4 trafficking. The methods described 
have been optimized for cultured 3T3-L1 adipocytes, but can be readily adapted to other cell types.

Key words GLUT4, Glucose transport, GSV, Immunoprecipitation, Kinetics, Trafficking, Imaging, 
Fluorescence, Calibration, Fractionation

1 Introduction

Postprandial transport of glucose into peripheral tissues such as 
muscle and adipose is an essential part of glucose homeostasis. This 
process is largely controlled by the actions of the peptide hormone 
insulin, which augments glucose transport into target tissues by 
stimulating the redistribution of the glucose transporter GLUT4 
from intracellular storage vesicles to the cell surface. The trafficking 
of GLUT4 to and from the plasma membrane (PM) is a form of 
regulated exocytosis [1, 2], and requires the movement of GLUT4 
through numerous sorting and trafficking steps along with the inte-
gration of complex metabolic and molecular signals. Defective 
GLUT4 trafficking in adipose and muscle tissue is a primary defect 
in insulin resistance, a major risk factor for the development of met-
abolic diseases, particularly type 2 diabetes. Therefore, there is great 
interest in understanding the mechanisms governing GLUT4 traffic 
and how this process is altered in insulin resistance. In this chapter 
we provide protocols for the systematic dissection of GLUT4 traf-
ficking, and cover methods for subcellular fractionation, GLUT4 
recycling, as well as fixed-cell and live-cell imaging. Here we give a 
brief introduction to each of the methods presented in this book 
chapter, followed by step-by-step protocols.
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Immuno-electron microscopy techniques have revealed that the 
majority of GLUT4 resides in tubulo-vesicular elements called 
GLUT4 storage vesicles (GSVs) in unstimulated cells. These 
50–70 nm GSVs are found throughout the cytoplasm [3]. Insulin 
stimulates the release and translocation of GSVs to the cell surface 
where they fuse with the PM. Interestingly, GSVs do not appear to 
be regenerated until the system returns to the basal state [4], 
implying that increased cell surface GLUT4 in insulin-stimulated 
cells is not maintained by continual delivery of GSVs. Rather, after 
the initial GSV exocytosis burst, GLUT4 continuously cycles 
between the PM and recycling endosomes [5, 6].

The trafficking of endogenous GLUT4 has classically been 
studied using differential centrifugation techniques coupled to 
Western blotting to monitor GLUT4 abundance in specific subcel-
lular fractions. Here, cell homogenates are separated by density to 
yield fractions enriched for specific subcellular compartments of 
differing densities. The low-density microsomal (LDM) fraction 
contains small vesicles, including GSVs. Accordingly, GLUT4 is 
highly enriched in LDM fractions from unstimulated cells. Insulin-
stimulated translocation of GSVs to the cell surface can be moni-
tored by sub-fractionation as a loss of GLUT4 within the LDM 
fraction and concomitant increase in GLUT4 abundance in the 
PM fraction (see Fig. 1).

As the GSV compartment plays a significant role in how GLUT4 
responds to insulin, it is useful to study this compartment in 
greater detail. Specifically, subcellular fractionation techniques are 
used to generate a GSV-enriched fraction and an immunoadsorp-
tion step is added to precipitate GLUT4-containing membranes 
(namely GSVs) from this fraction using a GLUT4-specific anti-
body (e.g., monoclonal 1F8 clone [7]). An appropriate immuno-
globulin G isotype should be used as a negative control. Antibodies 
are immobilized on suitable inert beads or equivalent. Magnetic 
beads or other nonporous matrix is recommended to minimize 
nonspecific binding. Magnetic beads also eliminate the need for 
centrifugation.

1.1 Studying 
Endogenous GLUT4 
by Subcellular 
Fractionation

1.2 Studying 
Endogenous GLUT4 
by Immuno-Isolation 
of GLUT4 Storage 
Vesicles

WCL LDM PM

B I I IW W WB B

GLUT4

Fig. 1 Example of subcellular fractionation. 3T3-L1 adipocytes where either left 
untreated (B), stimulated with 1 nM insulin (I), or stimulated with 1 nM insulin in 
the presence of the PI3K inhibitor Wortmannin (W). Subcellular fractionation was 
performed as described and the abundance of GLUT4 within the whole-cell 
lysate (WCL), low-density microsome (LDM), and plasma membrane fractions 
were determined by Western blot using an anti-GLUT4 antibody
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Immuno-isolation of GSVs can be undertaken from either the 
purified LDM fraction or the supernatant following the pelleting 
of the HDM fraction (referred to as the post-HDM supernatant). 
While both of these starting materials are enriched for GSVs, it is 
likely that the additional centrifugation step required to pellet 
LDMs will increase loss of proteins peripherally bound to GSVs as 
well as potentially promote nonspecific membrane aggregation. As 
such we recommend using the post-HDM supernatant as the start-
ing material for immuno-isolation of GSVs.

Endpoint measures of surface GLUT4 abundance are informative, 
but measuring trafficking kinetics can be more revealing when trying 
to understand how GLUT4 trafficking is altered in response to stimuli 
and under pathogenic conditions. GLUT4 has a complex trafficking 
itinerary including biogenesis of the specialized GSVs, translocation to 
the cell surface, GSV tethering and docking via the interactions 
between vesicles and the cell surface, fusion of lipid bilayers, internal-
ization of GLUT4 from the cell surface within endocytic vesicles, and 
sequestration of GLUT4 into the GSV compartment. Despite this 
complexity, the steady-state level of cell surface GLUT4 under any 
condition is effectively determined by the size of the pool of GLUT4 
free to recycle to and from the plasma membrane, the rate constant for 
GLUT4 exocytosis, and the rate constant for GLUT4 endocytosis. In 
unstimulated cells, these parameters favor the retention of GLUT4 at 
intracellular sites. These parameters are altered to maintain higher lev-
els of PM GLUT4 under certain conditions, such as in the presence of 
insulin. For example, insulin stimulation augments PM GLUT4 via 
dose-dependently enhancing the magnitude of the pool of GLUT4 
recycling with the PM [6], increasing the rate constant for GLUT4 
exocytosis (kex), and, in some cases, lowering the rate constant for int
ernalization/endocytosis (kin, kendo) under steady-state conditions in 
3T3-L1 adipocytes [6, 8]. Similar studies have been performed in 
cultured myotubes to investigate GLUT4 trafficking in response to 
distinct stimuli [9, 10]. The Mastick and Coster laboratories have 
taken these analyses further to interrogate additional steps in GLUT4 
trafficking in adipocytes [11].

These kinetics are referred to as steady-state kinetics, as they 
refer to the size of the GLUT4 pool and rate constants for GLUT4 
trafficking that maintain a constant GLUT4 PM abundance. The 
time taken to transit between two steady states, for example dur-
ing initial phases of insulin stimulation, is also of interest (half-
time, t1/2), but determination of rate constants for exo- and 
endocytosis cannot be readily inferred under these conditions.

Determination of pool size and kinetic rate constants has been 
aided by the development of GLUT4 reporter constructs containing 
epitope tags within the first exofacial loop (e.g., hemagglutinin (HA) 
or Myc; HA/Myc-GLUT4). The exofacial tag enables antibody 
labeling of GLUT4 molecules only when GLUT4 is inserted into 

1.3 Studying Kinetic 
Parameters of GLUT4 
Trafficking
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the plasma membrane and the epitope is exposed to the extracellular 
milieu. This is useful for quantitation of GLUT4 at the plasma mem-
brane of living or fixed intact cells and for use in antibody uptake 
assays from which steady-state kinetic parameters can be calculated 
[6, 12]. Here kex and kendo values are determined as “bulk” rate con-
stants. These do not refer to a specific process, but are rather the 
rate-limiting steps in this aspect of GLUT4 trafficking. It is possible 
that the limiting step for these constants may be different between 
basal and insulin-stimulated cells.

The principle of an antibody uptake assay to determine the 
kinetic parameters for GLUT4 trafficking is to bring cells to a steady 
state (e.g., serum-starved, insulin stimulation) and then incubate cells 
in the continuous presence of a saturating concentration of anti-HA 
antibody. In this assay, the high concentration of anti-HA antibody in 
the extracellular media allows the assumption that all HA-GLUT4 
that appears at the cell surface is labeled with antibody (see Fig. 2). 
Antibody uptake is therefore a direct measurement of the appearance 
of the epitope-tagged GLUT4 at the membrane, and so GLUT4 
exocytosis. The amount of antibody-bound GLUT4 plateaus when 
all GLUT4 available to recycle to the plasma membrane has recycled 
via the plasma membrane. These data are fitted to the equation [13]:
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Fig. 2 Example data from anti-HA antibody uptake assays in unstimulated and 
stimulated 3T3-L1 adipocytes expressing HA-GLUT4. Three kinetic parameters 
can be derived from these data: the steady-state plasma membrane level of 
HA-GLUT4 is determined by the Y-intercept; the total amount of GLUT4 in the 
recycling pathway and free to recycling with the plasma membrane is defined by 
the plateau; the rate constant for exocytosis (kex) is derived fitting the curve as 
described in the text
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where y0 is the steady-state PM levels of GLUT4, the plateau is the 
total amount of GLUT4 recycling with the PM under these condi-
tions, and kex is the rate constant for exocytosis. These parameters 
are directly determined from this fit. The fact that the system is at 
steady state means the delivery of GLUT4 to the surface must 
equal the removal of GLUT4 from the PM. The rate constant for 
GLUT4 internalization (kendo) can therefore be derived from

k
k y

yendo
ex plateau

=
−( )0

0

Kinetic studies were initially carried out with cell-impermeable 
photo-reactive glucose analogues to covalently label endogenous 
GLUTs prior to the development of HA/Myc-GLUT4 [14–16]. 
This approach requires additional Western blotting steps to specifi-
cally probe GLUT4.

Fluorescence-based imaging of GLUT4 in both live and fixed cells 
has provided detailed insight into the complexities of GLUT4 traf-
ficking. Fixed-cell imaging is typically used for basic localization 
and co-localization studies, and to correlate GLUT4 trafficking 
with the phosphorylation states of key signaling nodes. Imaging of 
GLUT4 in live cells provides the ability to interrogate GLUT4 
kinetics, dissect individual trafficking steps, and analyze single-cell 
responses. The development of these methodologies has revealed 
that substantial single-cell heterogeneity underpins the population 
response of GLUT4 to insulin stimulation [2]. This means that all 
studies that have utilized single-cell analysis of GLUT4 trafficking 
to infer mechanistic details should be treated with caution.

We recently engineered a dual-color GLUT4 probe that con-
tains a pH-sensitive fluorophore (ecliptic-pHluorin) in the first exo-
facial loop (luminal and/or extracellular) of GLUT4 and a second 
fluorophore (tdTomato) at the C-terminus [2]. This probe can be 
imaged using a variety of imaging modalities, each delivering differ-
ent benefits. Preliminary studies and high-throughput studies can be 
performed using wide-field epifluorescence microscopy (epiM). 
Multi-position low-temporal-frequency TIRF (LF-TIRFm) can be 
used to dissect trafficking to the PM from fusion and high-temporal-
frequency single-cell TIRF (HF-TIRFm) or spinning disk confocal 
can be utilized to interrogate the behavior of individual vesicles.

When imaged by wide-field epifluorescence the pHluorin pro-
vides a measure of GLUT4 in the PM and the tdTomato provides a 
measure of total expression levels and accounts for changes in cell size 
and imaging artifacts. Thus, the pHluorin:tdTomato ratio provides a 
reliable measure of PM-localized GLUT4 normalized to total expres-
sion. The system can be calibrated using a series of pH-based buffer 
exchanges to accurately assess the percentage of GLUT4 on the PM 
with respect to the total. The methodology for this is detailed below.

1.4 Imaging GLUT4 
in Live Cells
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TIRF or evanescent wave microscopy is a technique that can 
be used to excite only those molecules that are on or in close prox-
imity to the plasma membrane. In comparison to EpiM, TIRF 
delivers improved resolution of PM and sub-PM structures and as 
such is ideal for imaging exocytosis. We routinely perform two 
styles of TIRF experiment. Multi-position experiments with a rela-
tively low temporal frequency (~1 frame/min, LF-TIRF) are ideal 
for distinguishing between GSVs moving to the membrane from 
those undergoing fusion with the PM. In this paradigm, the tdTo-
mato signal is sensitive to its cellular localization and is a measure 
of GLUT4 recruitment to the PM while the pHluorin signal is a 
marker of fusion. HF-TIRFm experiments are performed on single 
cells imaged at high speed (~10 frames/s). These experiments are 
used to look at and characterize individual vesicle trafficking events 
such as fusion with the PM [2]. This is time consuming with a low 
throughput but enables the visualization and quantification of 
individual trafficking and fusion events. For a detailed experimental 
protocol of TIRF microscopy experiments see [17].

The key to these experiments is healthy cells expressing the 
exogenous GLUT4 reporter. The choice of transduction method 
will depend on the type of cells you are imaging. For mitotic cells 
(such as myoblasts, fibroblasts), lipofection is an effective transient, 
nonviral method, and for the production of cell lines with pro-
longed expression, lentivirus, adenovirus, and retrovirus can be 
utilized. Nondividing cells (such as 3T3-L1 adipocytes or primary 
cells) can be electroporated for transient expression or infected 
with retrovirus or for prolonged expression. For further informa-
tion regarding viral transduction see [18, 19].

Given the potential effects of long-term expression of exoge-
nous genes on pre-adipocyte growth and differentiation, our lab 
typically uses electroporation to deliver purified DNA into differen-
tiated 3T3-L1 adipocytes. Electroporation (also known as electro-
permeabilization) is a method for efficiently introducing nucleic 
acids and other molecules into a variety of cell types including mam-
malian cells. The molecular principles governing this process are 
still not completely understood and are covered extensively else-
where [20]. In brief, the exposure of cells to a short, high electric 
field results in the stochastic formation of pores in the plasma mem-
brane and an increase in cell permeability. If the exposure is not too 
high or too long, the process is reversible. In the case of nucleic 
acids, the electric field also facilitates entry via electrophoresis [21].

In reality no one method for assessing GLUT4 trafficking is perfect 
with each displaying its own set of limitations (see Table 1). 
Subcellular fractionation is limited by cross contamination of organ-
elles among the various fractions. Vesicle immunoadsorption is lim-
ited by the fact that GLUT4 is targeted to multiple compartments 
including the TGN, many different kinds of endosomes, as well as 
GSVs and it is difficult to differentiate them using this approach. 

1.5 Perspectives 
and Future 
Development
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Antibody labeling studies are useful for analyzing steady-state turn-
over but ultimately it would be ideal to know what happens during 
transition phases and these studies are very limited here. Microscopy 
is one of the most advanced approaches but again it has a number 
of limitations. First, the behavior of tagged molecules compared to 
that of the endogenous protein is often poorly understood. 
Moreover, the level of overexpression of these reporters and how 
this affects trafficking is often underappreciated. Ideally one would 
create cell lines where these reporters are knocked into the endog-
enous locus. Secondly, these studies often (but not always) involve 
selection of cells in the population and we have observed that this 
could be problematic because of the variability in response between 

Table 1 
Methodologies for interrogating GLUT4 trafficking

Method Major uses Strengths Weaknesses

Subcellular fractionation and 
GSV Immunoprecipitation

•  Enrichment of 
GSVs

•  Endogenous 
GLUT4

•  Limited kinetics/
time course

• Co-localization • Population only

•  Requires very high 
numbers of cells

GLUT4 recycling assay •  Revealing how PM 
GLUT4 levels are 
maintained

•  Measurement of 
kinetics 
parameters of 
GLUT4 
trafficking

•  Overexpressed 
GLUT4

Fixed-cell imaging • Localization •  Endogenous or 
overexpressed 
GLUT4

•  Limited kinetics/
time course

• Co-localization • Flexible •  Reliant on good 
antibodies to 
endogenous 
GLUT4

•  Fixation-associated 
artifacts

Live-cell imaging • Single-cell kinetics •  Detailed kinetic 
data on single cells

• Lower throughput

• Heterogeneity •  Power of paired 
statistics

• Time consuming

• Temporal kinetics •  Flexible 
experimental 
design

•  Overexpressed 
GLUT4

• Screening •  High temporal 
resolution
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different cells. Thirdly is the laborious nature of analysis. This calls 
for the development of automated data analysis methodologies. 
Finally, such experiments would ideally be performed in tissue of 
animals. With recent developments in multiphoton technology, as 
well as production of recombinant animals, these sorts of approaches 
should be feasible.

2 Materials

 1. Ultra-speed centrifuge, rotor, and tubes capable of 
235,200 × g.

 2. “Rubber policeman” scrapers, 1 per condition (or wash and 
reuse).

 3. Pestle homogenizer or equivalent.

 1. Cell culture medium: Dulbecco’s modified Eagle medium 
(DMEM), 0.2 % w/v BSA.

 2. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.

 3. HEPES-EDTA-sucrose buffer (HES): 10 mM HEPES 
pH 7.4, 1 mM EDTA, 250 mM sucrose.

 4. Sucrose solution: 10 mM HEPES, 0.05 mM EDTA, 1.12 M 
sucrose.

 5. Protease inhibitors (recommended).
 6. Phosphatase inhibitors (recommended).

 1. Magnetic separation beads.
 2. Magnet or magnetic separation rack.
 3. Tube rotator stored at 4 °C.
 4. Cut pipette tips or wide-bore pipette tips for viscous fluids.
 5. 30-gauge needle, vacuum trap, and syringe or similar.

 1. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4.

 2. HES buffer: 10 mM HEPES pH 7.4, 1 mM EDTA, 250 mM 
sucrose.

 3. HES+ buffer: HES, 150 mM NaCl, 0.1 % w/v BSA. Prepare 
stock solution of 1.5 M NaCl and 1 % w/v BSA in 
ddH2O. Dilute 10× into HES.

 4. Laemmli sample buffer (2×): 0.001 % w/v Bromophenol blue, 
20 % v/v glycerol, 4 % w/v SDS, Tris–HCl, 126 mM, pH 6.8, 
containing reducing agent (e.g., DTT, TCEP).

2.1.1 Equipment

2.1 Preparation 
for Subcellular 
Fractionation 
of Endogenous GLUT4

2.1.2 Buffers, Cell 
Medium, and Reagents

2.2 Preparation 
for Immuno-Isolation 
of GLUT4 Storage 
Vesicles

2.2.1 Equipment

2.2.2 Buffers 
and Reagents
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 5. BSA solution: 10 % w/v BSA.
 6. Primary antibody: Anti-GLUT4 antibody.
 7. Secondary antibody: Mouse immunoglobulin G (mouse IgG).

 1. Water bath: Set the water bath temperature at 37 °C.
 2. Multi-well plates: 96-well clear-bottom black-walled plates for 

culturing cells.
 3. Multichannel pipette.
 4. Fluorescent plate reader with appropriate excitation and emis-

sion filters.

 1. Medium: DMEM (minus bicarbonate), 20 mM HEPES, 
0.2 % w/v BSA.

 2. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4.

 3. Fixative: Paraformaldehyde (PFA).
 4. Serum: Normal swine-serum.
 5. Primary antibody: Anti-HA antibody.
 6. Secondary antibody: Fluorescent-conjugated anti-mouse IgG 

antibody. This will depend on your plate reader filter sets. We 
recommend the use of longer wavelength fluorophores to 
reduce both plate and cellular autofluorescence (e.g., CF™ 
555; CF™ 647).

 1. Healthy differentiated 3T3-L1 adipocytes ½ −1× 10 cm dishes 
per electroporation (see Note 1).

 2. High-quality (260:280 > 1.8), high-concentration (>4 mg/
mL) stocks of plasmid DNA (e.g., GLUT4-pHluorin; 
GLUT4-pHluorin:tdTomato) (see Note 2).

 1. Centrifuge.
 2. Electroporator (ECM 830 Square Wave Electroporation 

System, BTX Molecular Delivery Systems).
 3. Electroporation cuvettes, 0.4 cm (BioRad).
 4. Coverslips: 42 × 0.17 mm.
 5. Imaging chamber, e.g., POC (PeCon), or glass-bottomed 

petri dishes (35 mm).
 6. Inverted microscope with cell incubator set at 37 °C. Turn on 

at least 1 h prior to experiment to allow temperature to equili-
brate throughout the system. TIRF capability (only required 
for TIRF). Suitable filter sets.

 7. Fluidic system (to achieve buffer exchange).

2.3 Preparation 
for the Study of GLUT4 
Trafficking

2.3.1 Equipment

2.3.2 Buffers 
and Reagents

2.4 Preparation 
for Imaging GLUT4 
in Live Cells

2.4.1 Biological Material

2.4.2 Equipment
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 1. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4.

 2. Electroporation solution: 20 mM HEPES, 135 mM KCl, 
2 mM MgCl2, 0.5 % v/v Ficol 400, 1 % v/v DMSO, pH 7.6. 
The solution is based on cytomix described by [22], and can 
be made up in bulk and stored at 4 °C for >6 months.

 3. ATP-glutathione stock solution: 200 mM ATP, 500 mM gluta-
thione, pH 7.4. Stored in single-use aliquots at −20 °C or below.

 4. Matrigel™ (BD Biosciences) or suitable extracellular matrix 
protein.

 5. Trypsin-EDTA solution (10×): 0.25 % Trypsin, 0.05 % EDTA.
 6. Culture medium: DMEM.
 7. Serum: Fetal bovine serum (FBS).
 8. Albumin: BSA > 98 %. It is important to use a highly purified 

grade of BSA. We routinely batch test to ensure undesirable 
basal activation of insulin signaling due to trace amounts of 
growth factors.

 9. Insulin stock solution: 70 μM Insulin in HCl.
 10. Modified Krebs Ringer phosphate buffer (KRP) buffer: 

120 mM NaCl, 0.6 mM Na2HPO4, 0.4 mM NaH2PO4, 6 mM 
NaCl, 1.2 mM MgSO4, 12.5 mM HEPES, 1 mM CaCl2, 
10 mM glucose, 0.2 % w/v BSA, pH 7.4 or another suitable 
imaging buffer.

 11. Calibration buffer 1: 120 mM NaCl, 0.6 mM Na2HPO4, 
0.4 mM NaH2PO4, 6 mM KCl, 1.2 mM MgSO4, 12.5 mM 
MES, 1 mM CaCl2, 10 mM glucose, 0.2 % w/v BSA, pH 5.5.

 12. Calibration buffer 2: 70 mM NaCl, 50 mM NH4Cl, 0.6 mM 
Na2HPO4, 0.4 mM NaH2PO4, 6 mM KCl, 1.2 mM MgSO4, 
12.5 mM bicine, 0.2 % w/v BSA, pH 9.0.

 13. Calibration buffer 3: 70 mM NaCl, 50 mM NH4Cl, 0.6 mM 
Na2HPO4, 0.4 mM NaH2PO4, 6 mM KCl, 1.2 mM MgSO4, 
12.5 mM MES, 0.2 % w/v BSA, pH 5.0.

3 Methods

This protocol for subcellular fractionation (sub-fractionation) in 
adipocytes is adapted from the protocol described by McKeel and 
Jarett [23] and adapted by Simpson et al. [24]. The fractions pro-
duced by this method include whole-cell homogenate; nuclear-
mitochondrial (NM) fraction; plasma membrane (PM); 
high-density microsomal (HDM) membranes; low-density micro-
somal (LDM) membranes; and cytosol.

2.4.3 Buffers 
and Reagents

3.1 Subcellular 
Fractionation of GLUT4
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The number of cells required will depend on the intended 
downstream application. As a general starting point we recom-
mend at least 3 × 15 cm dishes (approx. 25,000,000 cells) per con-
dition to ensure ample PM and HDM fractions per preparation. 
All steps from 8 onwards, unless otherwise noted, are carried out 
on ice at 4 °C.

 1. Seed 3T3-L1 fibroblasts into 15 cm dishes.
 2. Differentiate 3T3-L1 fibroblasts into adipocytes using estab-

lished protocols (see Note 3).
 3. Experiments should be performed between days 8 and 12 

post-differentiation (see Note 4).
 4. Pretreat cells as required depending on experimental design, 

e.g., chronic treatments to alter insulin sensitivity.
 5. Wash cells in step-down cell culture medium to remove serum.
 6. Add step-down DMEM to cells and leave in incubator for 2 h.
 7. Add insulin at concentrations between 0 and 100 nM 20 min. 

Half-maximal effects on glucose transport are usually observed 
at concentrations of 0.1–1 nM with maximum effects being 
observed at 100 nM.

 8. Place on dishes on ice and wash three times in ice-cold PBS. 
Aspirate carefully after the final wash.

 9. Add 1.5 mL of ice-cold HES buffer onto cells.
 10. Scrape cells and buffer using a rubber policeman and transfer 

homogenate to a 15 mL tube.
 11. Homogenize by applying 15–20 strokes with a pestle homog-

enizer and collect in a 15 mL tube. Wash homogenizer with a 
further 1.5 mL of ice-cold HES and collect in the same tube.

 12. Take a 200 μL aliquot of homogenate at this point for deter-
mination of whole-cell GLUT4 expression levels. Snap-freeze 
in liquid nitrogen and store in −20 °C.

 13. Centrifuge homogenate at 500 × g for 10 min to remove 
unhomogenized cells. Transfer the supernatant to a fresh tube, 
discarding the pellet.

 14. Centrifuge supernatant at 13,550 × g for 12 min, yielding a 
pellet containing the nucleus, mitochondria, and plasma mem-
brane and a supernatant containing microsomal membranes 
and cytosol. Retain the supernatant for further fractionation 
(step 20 below).

 15. Resuspend pellet in 1 mL HES and centrifuge at 13,550 × g 
for 12 min. Discard the supernatant.

 16. Resuspend pellet in 1 mL HES.
 17. Carefully layer samples into 11 mL of sucrose solution (see 

Note 5).
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 18. Centrifuge at 111,160 × g for 60 min in a swing-out rotor. This 
produces a nuclear-mitochondrial (NM) pellet as well as a 
cloudy layer at the interface of the sucrose cushion and loaded 
sample. The interface contains plasma membrane (PM).

 19. Carefully remove the PM interface by slow pipetting, taking a 
maximum of 1 mL and taking care to avoid taking up the 
cushion. Thoroughly mix in >6 mL HES and centrifuge at 
235,200 × g for 15 min. Resuspend the pellet in 80 μL HES 
(PM fraction) (see Note 6).

 20. Remove the sucrose solution and discard. Resuspend NM pel-
let in HES (NM fraction), snap freeze in liquid nitrogen, and 
store in −20 °C.

 21. Centrifuge the retained initial supernatant (step 13 above) at 
21,170 × g for 17 min, yielding an HDM pellet and superna-
tant containing LDM and cytosol.

 22. Resuspend HDM pellet in HES and centrifuge as in the pre-
vious step. Resuspend this HDM pellet in 100 μL HES 
(HDM fraction).

 23. Centrifuge the LDM/cytosol supernatant at 235,200 × g for 
75 min, producing an LDM pellet and cytosol. Retain 1 mL 
cytosol if desired (CYTOSOL fraction).

 24. Resuspend LDM pellet in HES and centrifuge as in the previ-
ous step. Resuspend in 100 μL HES (LDM fraction).

 25. Apply Western blotting to assess GLUT4 abundance in each 
fraction (see Note 7).

We recommend at least 2 × 15 cm dishes per condition. All steps 
unless otherwise noted are carried out on ice at 4 °C. If using non-
magnetic beads, undertake all separation steps by centrifuging at 
2,000 × g for 2 min at 4 °C.

 1. Transfer 40 μL of magnetic bead slurry per immunoprecipita-
tion (IP) per condition +1 to a 1.5 mL tube (beads for mouse 
IgG controls may be included at this step).

 2. Wash beads twice by adding cold PBS up to a total volume 
of 1.5 mL, applying magnetic field to separate beads, and 
aspirating PBS.

 3. Resuspend beads in 100 μL PBS per IP condition +1. Transfer 
100 μL beads per IP to separate tubes for each antibody.

 4. Spike in BSA to a final concentration of 2 % to minimize non-
specific binding.

 5. Add 2 μg antibody per IP and rotate for 1 h at 4 °C (see Note 8).
 6. Apply magnetic field to separate beads.
 7. Split beads into separate tubes for each IP condition (100 μL 

per condition/tube). Store in cold PBS to prevent drying out. 

3.2 Immuno-
Isolation of GLUT4 
Storage Vesicles
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Apply magnetic field to separate beads and aspirate PBS 
immediately before use.

 8. Add SM in equal amounts to each IP (see Note 9). Add HES+ 
buffer to a final volume of 1 mL. Rotate at 4 °C for 1–2 h, or 
overnight.

 9. Apply magnetic field to separate beads. Retain 400 μL super-
natant per IP. Aspirate remaining supernatant.

 10. Wash three times by resuspending in HES+ buffer and apply-
ing magnetic field to separate beads.

 11. Dry beads by aspirating using a 30-gauge needle.
 12. Add 2 × Laemmli sample buffer containing reducing agent 

(e.g., TCEP or DTT) and place samples on a heating block at 
37 °C for 45 min (see Note 7).

 13. Apply magnetic field to remove beads and retain supernatant.
 14. Proceed as normal for Western blot preparation. Load approx-

imately 10 μL eluent.

This protocol describes the methodology for antibody uptake assay 
into cultured cells using fluorescence antibodies and a fluorescence 
plate reader and the analysis of GLUT4 trafficking parameters (total 
pool size, kex, kendo) in 3T3-L1 adipocytes stably expressing HA-GLUT4 
via retrovirus as described in Govers et al., 2004 [6], and Coster et al., 
2004 [13]. Alternative methods for quantifying antibody uptake such 
as flow cytometry and fluorescence microscopy have been described 
[5, 8]. The 96-well format permits measurement of antibody uptake 
at five time points in unstimulated (e.g., columns 1–5) and stimulated 
cells (e.g., columns 6–10), and determination of total HA-GLUT4 
expression (e.g., columns 11 and 12). Each measurement is per-
formed in quadruplicate. To control for nonspecific antibody uptake, 
the same experiment is performed in adipocytes not expressing 
HA-GLUT4 (i.e., expressing a control vector) or antibody uptake is 
assessed with an isotype control antibody in HA-GLUT4-expressing 
adipocytes. This control should be performed at each time point, and 
for anti-HA antibody binding to fixed cells.

The experiment should be designed to permit measurement of 
the total amount of HA-GLUT4 expression.

 1. Express epitope-tagged GLUT4 in 3T3-L1 cells (e.g., 
HA-GLUT4). We use 3T3-L1 cells retrovirally expressing 
HA-GLUT4, albeit HA-GLUT4 can be delivered via alternate 
means (see Note 10).

 2. Seed 3T3-L1 fibroblasts into black-walled clear-bottom 
96-well plates.

 3. Differentiate 3T3-L1 fibroblasts into adipocytes using stan-
dard protocols (see Note 1). Experiments should be performed 
between days 8 and 12 post-differentiation (see Note 11).

3.3 Method 
for Studying Kinetic 
Parameters of GLUT4 
Trafficking
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 4. Pretreat cells as required depending on experimental design 
(e.g., chronic treatments to alter insulin sensitivity).

 5. Wash cells in step-down DMEM (DMEM (minus bicarbonate), 
20 mM HEPES, 0.2 % BSA) to remove serum (see Note 12).

 6. Add 100 μL step-down DMEM to cells and leave in 37 °C 
water bath for 2 h.

 7. Add insulin to final concentration of 100 nM 20 min prior to 
addition of anti-HA antibody, to achieve the new steady state.

 8. Add anti-HA antibody to cells. Steps 7 and 8 should be 
repeated for each time point since one 96-well plate can gen-
erate a complete time course of antibody uptake. All treat-
ments should be staggered so that they end at the same time 
(see Note 13).

 9. Move plate to ice and wash cells three times with 200 μL of 
ice-cold PBS.

 10. Fix cells with 100 μL 3 % v/v PFA for 20 min at room tem-
perature. All subsequent steps are performed at room 
temperature.

 11. Cells were blocked and permeabilized with 50 μL 5 % normal 
swine serum in PBS with 0.1 % w/v saponin.

 12. Incubate wells for determination of total HA-GLUT4 expres-
sion with anti-HA antibody (1:1000) in 2 % normal swine 
serum in PBS (30 μL) for 1 h (see Note 14).

 13. Wash wells for determination of total HA-GLUT4 expression 
three times with 200 μL PBS to remove unbound anti-HA 
antibody.

 14. Incubate all wells with fluorescently labeled secondary anti-
body (1:100) in 2 % serum, diluted into PBS, for 1 h.

 15. Wash all wells three times with 200 μL PBS to remove unbound 
antibody.

 16. Add 100 μL PBS to each well and read in plate reader with 
appropriate excitation and emission filters (see Note 15).

The protocol described below uses a single square wave pulse of 
200 mV, but many variables affect the efficiency of electroporation 
and conditions should be optimized for each cell line and instru-
ment. Before starting: Ensure that all buffers are made up and at 
room temperature.

Depending on the application, one 6-well plate will provide 
enough cells for 1–2 electroporations. For optimal results, 3T3-L1 
cells should be 95–100 % differentiated (see Note 11). 3T3-L1 
cells should be electroporated 6–8 days post-differentiation in 
order to prevent loss of cells, as they become more buoyant at later 
times due to lipid accumulation.

3.4 Live-Cell 
Imaging GLUT4
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 1. Thaw Matrigel on ice at 4 °C. This will take about 2 h. Matrigel 
is best stored in small single-use aliquots at −80 °C.

 2. The next day, dilute Matrigel 1:50 into ice-cold PBS using 
pre-chilled pipettes (chilled by pipetting ice-cold PBS several 
times).

 3. Aliquot a small amount (~200 μL) into the center of the cov-
erslip or dish (2 mL per 42 mm coverslip).

 4. Leave at room temperature for 2 h.
 5. Wash twice with sterile, room-temperature PBS to remove 

unbound material. Ideally, coverslips/dishes should be pre-
pared fresh and used within a few days of preparation.

 6. Matrigel-coated coverslips/dishes should be washed twice in 
culture media prior to use.

 1. Wash cells 2–3 times with room-temperature PBS.
 2. Trypsinize cells from each dish using trypsin–EDTA solution 

(diluted in PBS from 10× stock) for 5–10 min in a 37 °C incu-
bator (check trypsinization by gently tapping the cells and 
assessing the effectiveness of dislodgment using a microscope) 
(see Note 16).

 3. Resuspend cells in 3 mL DMEM containing 10 % FCS to 
every 1 mL 5× trypsin–EDTA and transfer to a 50 mL Falcon 
tube and make up the volume to 30 mL with DMEM culture 
medium (dishes can be pooled here) (see Note 17).

 4. Centrifuge cells at 150 × g, room temperature, for 5 min. 
Higher speed spins will decrease the number of viable adipo-
cytes in the pellet, reducing cell number and electroporation 
efficiency.

 5. Aspirate medium and resuspend cells in 30 mL of PBS.
 6. Centrifuge cells at 150 × g, for 5 min.
 7. Aspirate medium and resuspend cells in 30 mL of PBS.
 8. Centrifuge cells at 150 × g, for 5 min. During this spin, thaw 

single-use 100× ATP–glutathione stock solution and add to 
electroporation solution. Filter sterilize using a 0.2 μm filter.

 9. Add 10–40 μg of plasmid to each electroporation cuvette.
 10. Aspirate medium and resuspend cells in the 400 μL electro-

poration buffer per electroporation.
 11. Transfer 0.4 mL volumes of resuspended cells to each cuvette 

containing the DNA. Flick gently to mix (see Note 18). 
Continue with next step immediately.

 12. Electroporate each cuvette with a single 20 ms, 200 V square 
wave pulse (see Note 19).

3.4.1 Preparation 
of Matrigel-Coated 
Coverslips or Imaging 
Chambers

3.4.2 Electroporation
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 13. Remove the white viscous material (representing a mixture of 
lipid and denatured protein from dead adipocytes) floating on 
the surface with an aspirator pipette, being very careful not to 
aspirate the rest.

 14. Immediately add 2 mL of DMEM culture media containing 
10 % FCS and GlutaMAX and mix gently.

 15. Seed ~100–200 μL into the center Matrigel-coated dishes.
 16. Refresh with culture media approximately 1 h after seeding, 

longer if density is low. Bring media up to normal culture vol-
ume for the given coverslip/dish.

Cells can be used for microscopy from 12–72 h post-electropora-
tion, although generally we leave them for a minimum of 24 h to 
ensure good recovery, attachment, and stable expression levels.

 1. Prepare a working stock of insulin (3×) diluted from 70 μM 
stock on the day of the experiment.

 2. Wash the cells three times in serum-free DMEM.
 3. Add a suitable amount of serum-free DMEM and incubate for 

approximately 2–3 h at 37 °C and 10 % CO2 before imaging 
or stimulation.

 4. Add 2 mL of KRP/0.2 % w/v BSA/10 mM glucose pH 7.4 
buffer or suitable imaging buffer (see Note 1).

 5. Wash the bottom of the coverslip carefully with dilute deter-
gent on a kimwipe tissue paper.

 6. Repeat this with RO water and dry carefully.
 7. Cells are now ready for imaging.

This involves a number of buffer exchanges and as such is achieved 
best using perfusion (see Note 20).

 1. Select healthy, suitably transfected cells using both brightfield 
and fluorescence modalities. Ideally use a low magnification 
high NA objective (Nikon CFI Plan Apo VC 20×/NA 0.75) 
(see Note 21).

 2. Set up imaging parameters (see Table 2 and Note 22).
 3. Begin image acquisition.
 4. Change media to pH 5.5 MES-buffered KRP (see Note 23).
 5. Change media back to imaging buffer.
 6. Perform experiment.
 7. Change media to NH4Cl pH 9.0 bicine buffer. This gives the 

maximum (Max) fluorescence signal of the pHluorin. The 
NH4Cl will equilibrate the pH across all cellular 
compartments.

3.4.3 Preparation 
for Microscopy

3.4.4 Performing 
Calibration Experiments
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 8. Change media to NH4Cl pH 5.0 MES buffer KRP. This 
quenches all fluorescence of the pHluorin and gives minimum 
(Min) fluorescence signal of the pHluorin.

 9. Analyze data.
 10. The percentage of total GLUT4 protein on the surface (Psurface) 

at time n (relative to the total) is given by

P
Xn

Fsurface

Int
=

−
−( )×

×
max min .7 4

100

where F7.4 is the fraction of pHluorin molecules fluorescing at 
pH 7.4 (the pH of the external media). This can be deter-
mined using the Henderson–Hasselbalch equation in the form 

F pH pKa pH( ) −( )=
−

1

1 10 pHlourin
.

Table 2 
Experimental parameters for live GLUT4 imaging

Parameter High resolution—single cells Low resolution—multiple cells

Imaging modality TIRF or spinning disk confocal 
microscopy offer improved 
signal-to-noise ratios for 
investigating single-vesicle 
dynamics at high resolution

Epifluorescence for whole-cell 
high-throughput imaging, 
TIRFM allows for sensitive 
plasma membrane 
quantification

Magnification 100× NA 1.45 Less magnification, more cells per 
field of view. Objective-based 
TIRFM requires an NA > 1.45

Spatial resolution (binning) Resolution is crucial, binning will 
reduce ability to resolve fusion 
events and small structures

Binning highly effective at 
reducing laser power and file 
size. This decreases 
phototoxicity and analysis time, 
respectively

Temporal resolution (frame  
rate and exposure time)

For fusion and trafficking events we 
recommend at least 10 frames/s

Compromise between the number 
of cells or positions and the 
minimum requirement for 
temporal information (typically 
1 frame/min)

Excitation power This should be set to the minimum level required to achieve a clean 
signal above background

Camera High-quantum-efficiency camera 
required. High-end sCMOS 
(preferred) or emCCD

High-end sCMOS preferred
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4 Notes

 1. Here follow critical considerations for all experiments: 
Guidelines for the assessment of cellular health/viability: 
Familiarize yourself with the typical morphology of your cell 
line of interest. Regular monitoring of key morphological char-
acteristics such as cell size, shape, attachment, blebbing, and 
growth rate can help to identify and prevent cellular stress. 
Given that between 5 and 30 % of cell lines worldwide are con-
taminated with mycoplasma, test regularly for mycoplasma (see 
[25, 26]). The biggest source of contamination is human skin. 
Good aseptic technique is essential. Avoid the use of antibiotics 
in culture media as this promotes sloppy technique and can 
mask underlying infections. Cross contamination of cell culture 
lines is still a common problem in labs around the world [27, 28]. 
Authenticate cell lines. Buffers: Standard TC media is bicar-
bonate buffered, designed to be pH 7.4 when incubated at 
37 °C in 5 % CO2. This media is not suitable for experiments 
performed in a non-CO2 environment. It is worth to note that 
the original 3T3 line was established in 10 % CO2. Bicarbonate 
buffering can be exchanged for alternative suitable buffers, such 
as HEPES; however, the absence of bicarbonate will alter cell 
physiology. A standard imaging buffer we have used routinely is 
a modified Krebs Ringer phosphate buffer KRP (120 mM 
NaCl, 0.6 mM Na2HPO4, 0.4 mM NaH2PO4, 6 mM NaCl, 
1.2 mM MgSO4, 12.5 mM HEPES, 1 mM CaCl2, 10 mM glu-
cose, 0.2 % w/v BSA, pH 7.4). Consider the use of substrates 
(glucose; amino acids; vitamins). Incubation conditions: 
Irrespective of the type of experiment, environmental control 
(temperature, gas levels, and humidity) and choice of media are 
fundamental variables that require careful consideration.

 2. Dilute or poor-quality DNA will reduce efficiency.
 3. Please refer to reference [29] for extended details.
 4. GLUT4 expression is induced during adipocyte differentia-

tion, as is GSV biogenesis. A high efficiency of differentiation 
is vital for consistent data.

 5. Resuspend pellet extremely thoroughly, pipetting up/down 
25–30 times using a P1000 pipette. When layering onto the 
sucrose solution (cushion), pipette slowly and evenly down 
the side of the tube to ensure that a sharp interface between 
the sample and cushion is maintained.

 6. Dilute and mix PM sample very thoroughly in HES to ensure 
that any high sucrose cushion transferred is diluted so that it 
does not interfere with pelleting of the PM.

 7. Do not boil samples prior to Western blot. Boiling can result 
in aggregation of GLUT4. We recommend heating at 37 °C 
for 45 min.
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 8. Optimization of antibody and SM protein amounts for GSV 
depletion should be undertaken for antibodies and cell lines used.

 9. It can be a good idea to pre-clear SM with separate blocked 
beads (no antibody) to reduce nonspecific interaction.

 10. More information can be found in reference [30]. Moreover, 
expression of HA-GLUT4 should be assessed as very high 
levels of ectopic expression can lead to incorrect localization 
of HA-GLUT4 and high basal PM levels. If using a retroviral 
delivery, different viral titers can be assessed for optimal 
expression levels. It is important to assess expression in single 
cells by immunofluorescence, since assessment of expression 
at the population level by Western blot can mask highly vari-
able expression between individual cells.

 11. GLUT4 trafficking kinetics are markedly different between fibro-
blasts and adipocytes [6]. A high efficiency of differentiation is 
vital for accurate and consistent data. Here follow tips on the 
culturing of 3T3-L1s to achieve high levels of differentiation:

Cell line tips for 3T3-L1 cells: Having observed sponta-
neous adipogenesis in small numbers of cells in confluent cul-
tures of the murine 3T3 cell line, Green and Kehinde isolated 
a number of 3T3 subclones that were highly predisposed to 
accumulating lipid [31, 32]. They characterized two of these 
lines named 3T3-L1 and 3T3-L2. 3T3-L1s have since become 
the go-to cell line of choice for the study of adipogenesis and 
adipocyte function in vitro.

Improving differentiation of 3T3-L1 cells: All of the protocols 
described in this chapter require highly efficient and reproduc-
ible differentiation of cells (>95 %; see Shewan et al., 2000, for 
the differentiation protocol [29]). To achieve this 3T3-L1 
cells must be carefully looked after. Cells are cultured in high-
glucose DMEM supplemented with glutaMAX (glutamate 
degrades to ammonia and can alter cell physiology [33]) and 
10 % FCS at 37 °C in 10 % CO2. Fetal calf serum batches 
should be tested to ensure optimal differentiation efficiency. 
We routinely screen 4–5 different FCS sources/batches. Cell 
passage—like all cultured cells, mutations that alter phenotype 
will accrue over time. We recommend that passaging is kept to 
a reasonable number. We limit our cells to 15–20 passages 
post-thawing. After this we observe reduced insulin sensitivity, 
insulin-stimulated glucose uptake, and differentiation poten-
tial. Splitting cells too harshly or allowing them to grow too 
densely, while passaging, will reduce differentiation efficiency. 
Split cells no more than once every 2 days, ideally at ratios of 
1:2–1:6, allowing a maximum confluence of that displayed (see 
Fig. 3a). It is best if cells are seeded into 6- or 12-well plates, 
rather than 10 cm dishes. Feed confluent cells a day prior to 
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differentiation. Begin differentiation 5–7 days post-seeding 
once cells develop an “angry” appearance (see Fig. 3b).

 12. Since the assay requires multiple additions, this assay should 
not be performed in a CO2 incubator. Perform assay in 
HEPES-buffered DMEM in a water bath.

 13. Test the concentration of anti-HA antibody required to cap-
ture all HA-GLUT4 that traffics via the PM, as a rough guide 
25–50 μg/mL. For data analysis it is assumed that all unlabeled 
HA-GLUT4 is immediately labeled with antibody upon expo-
sure of the HA epitope at the plasma membrane, and that all 
labeling of GLUT4 occurs at the plasma membrane and that 
any labeling that may occur inside the cell following fluid-phase 
antibody uptake is negligible.

 14. Concentration of anti-HA antibody required to fully capture 
total HA-GLUT4 levels should be tested. If pretreating cells 
then determination of total HA-GLUT4 expression should be 
performed in both control and treated cells to control for 
changes in HA-GLUT4 expression.

 15. Data from this assay should be analyzed as described in [9, 13]. 
The size of the recycling pool and kex can be directly calculated 
by fitting the data to a single exponential. Methods to directly 
measure GLUT4 internalization have been described [9].

 16. Excessive trypsinization will result in a loss of cell viability and 
a poor electroporation efficiency.

 17. FCS is included here to inhibit remaining trypsin. The alterna-
tive is to use 2 % BSA in either PBS or DMEM.

 18. It is essential that the DNA and cells are well mixed.
 19. An increased duration can improve efficiency of larger constructs 

if needed; however this will be at the cost of cell viability.

Fig. 3 Examples of 3T3-L1 cells in culture. (a) Depicts the maximum density to which 3T3-L1 cells should be 
grown while passaging. (b) Demonstrates the “angry” appearance cells develop around 5 days post-seeding 
when they are ready to differentiate. (c) 3T3-L1 cells 6 days post-differentiation, where 90–95 % of cells 
display an accumulation of lipid. Scale bars represent 200 μm
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 20. For more details see Burchfield et al., 2013 [2].
 21. Cells should be chosen first and foremost on a healthy bright-

field appearance. Second to this is an appropriate expression 
level and localization. Expression levels should be selected that 
are the lowest that are detectable above background.

 22. Cellular health and viability is critical for the success of live-cell 
imaging. Experimental design should be tailored to the bio-
logical question and desired data output, in order to maximize 
data yield while maintaining cell viability. The requirement for 
increased spatial and temporal resolution comes at the cost of 
cell number and throughput, in addition to analysis time, and 
thus determining the required output is essential. Therefore, 
when designing a live-cell imaging experiment there are a num-
ber of key parameters that require consideration (see Table 2). 
The combination of these settings will have a dramatic impact 
on the cell viability, photobleaching, and ultimately quality of 
your data. Excitation intensity, exposure time, and image fre-
quency and experiment duration determine the amount of 
electromagnetic radiation each cell is exposed to. Consequently 
this impacts photobleaching and cell viability. Excitation inten-
sity must be kept to the absolute minimum required to gener-
ate a reasonable image. Optimization should be performed. 
Cells can be exposed to the desired intensity for up to an hour. 
Cells should be monitored for signs of phototoxicity and pho-
tobleaching. It is important to pay attention to how cells look 
pre- and post-imaging to assess any potential damage, and 
modify your protocol accordingly.

 23. This should be transient and take no more than 30 s. Lower 
pH buffers will significantly decrease both cytosolic and endo-
somal pH. This process quenches the surface-derived pHluorin 
fluorescence. The remaining signal (Int) is a combination of 
fluorescence from the pHluorin in internal compartments, 
autofluorescence, and background fluorescence.
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Chapter 16

Proximity Ligation Assay to Study the GLUT4 Membrane 
Trafficking Machinery

Dimitrios Kioumourtzoglou, Gwyn W. Gould, and Nia J. Bryant

Abstract

In this chapter a detailed protocol of proximity ligation assay (PLA) is described thoroughly. PLA is a 
technique that allows detection of protein associations in situ, providing a sensitive and selective approach 
for protein-protein interaction studies. We demonstrate the technique by applying it for trafficking studies 
of the facilitative glucose transporter GLUT4. Trafficking of GLUT4 from perinuclear depots to the 
plasma membrane is regulated by insulin in adipocytes and muscle cells, and mediated by formation of 
functional SNARE complexes containing Syntaxin4, SNAP23, and VAMP2. The Sec1/Munc18 (SM) 
protein Munc18c also plays a key role in insulin-stimulated GLUT4 translocation via a series of different 
interactions with the SNARE complex and/or with the SNARE proteins individually. Studying the interac-
tions that occur between SNARE proteins themselves and also with Munc18c in insulin-responsive cells is 
critical to further understand SNARE protein function and GLUT4 trafficking mechanism in general.

Key words Proximity ligation assay, PLA, Protein-protein interactions, GLUT4 trafficking, GSVs, 
SNARE proteins, SNAP23, Munc18c

1 Introduction

A major action of insulin is to reduce elevated plasma glucose levels 
by increasing the rate of glucose transport into fat and muscle. This is 
mediated through the facilitative glucose transporter GLUT4. In the 
absence of insulin ~95 % of GLUT4 shows steady-state localization 
to intracellular compartments. Insulin stimulation results in GLUT4 
redistribution to the cell surface via alterations in membrane traffick-
ing [1, 2]. This process is perturbed in the insulin-resistance underly-
ing type 2 diabetes and thus understanding the trafficking itinerary of 
GLUT4 is an important research goal. GLUT4 continually cycles 
through the plasma membrane and numerous compartments of the 
endosomal system both in the presence and absence of insulin [1, 3]. 
In the absence of insulin, GLUT4 is efficiently internalized by a fast 
trafficking loop between the plasma membrane and early/recycling 
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endosomes from where it is sorted into a pool of insulin-responsive 
vesicles referred to as GLUT4 storage vesicles (GSVs) [3]. These 
vesicles are the direct source of GLUT4 mobilized to the cell surface 
in response to insulin. Fusion of GSVs with the plasma membrane is 
a key terminal step in insulin-regulated glucose transport. This fusion 
event is mediated by SNARE proteins, Syntaxin4, SNAP23 
(t-SNAREs located in plasma membrane), and VAMP2 (v-SNARE 
anchored to the GLUT4-carrying vesicles) [4], through the forma-
tion of a very stable, SDS-resistant [5] ternary complex of their 
SNARE domains which provides the mechanical force that over-
comes the energy barrier for fusion [6]. The whole process is regu-
lated by a series of accessory proteins in which Munc18c (member of 
Sec1p/Munc18 family) has a predominant role [7, 8]. Munc18c 
interacts both with SNARE proteins Syntaxin4 and VAMP2 and with 
SNARE complex through a series of different binding modes which 
seem to tightly regulate SNARE proteins function both spatially and 
temporally [9–11]. Understanding the dynamics of these protein 
interactions and how they change upon insulin stimulation is neces-
sary to fully comprehend the trafficking of GLUT4 transporter in 
insulin-responsive cells.

Various techniques have been developed to investigate protein 
associations. The vast majority of these depend on either probe-based 
targeting or direct labeling of the interacting proteins. In the case of 
probe-based targeting assays a high-affinity reagent is used (usually 
an antibody against the protein of interest) which might be labeled 
with a reporting agent (typically a fluorophore or an enzyme). The 
most common probe-based technique for protein interaction investi-
gation is co-immunoprecipitation which uses an antibody to pull 
down the protein of interest along with interacting partners from cell 
lysates. The major disadvantage of this technique is its extreme inva-
siveness, as it requires cell destruction. This method can give decep-
tive results since protein localization in the cell, which often regulates 
and protects specificity of protein interaction, is disrupted. 
Immunohistochemistry and immunofluorescence are technical pro-
cesses, which use a reporter molecule on the antibody specific to tar-
get protein, can overcome these problems, and allow detection of 
proteins in situ. Nonetheless these techniques have other limitations 
that are related to resolution of the obtained signal. For example in 
the case of immunofluorescence, the best microscopic resolution that 
can be achieved is 200 nm (maximum resolution of light microscopy), 
which subsequently indicates whether the two proteins of interest are 
within this distance of each other. These resolution limitations can be 
overcome by using direct targeting methods such as Förster resonance 
energy transfer (FRET), bioluminescent resonance energy transfer 
(BRET), or split yellow fluorescent protein (YFP) that use fusion 
constructs linked to reporter molecules. These methods are more 
quantitative and the proximity of the two proteins can be defined 
more precisely since the energy transfer from donor reporter to 
acceptor reporter is only possible in a range of 5–10 nm [12]. 

Dimitrios Kioumourtzoglou et al.
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Nonetheless, the accuracy of these assays is compromised by their 
requirement for tagging proteins, which can potentially modify pro-
tein’s native structure, function, and interactome.

PLA is a technique that can be used for protein interaction 
studies since it allows detection of proteins in close proximity [13]. 
This relatively new assay combines all the advantages of the two 
previously mentioned approaches, which are the use of endoge-
nous native proteins (probe-tagged method) and the sensitivity 
and accuracy (direct labeling, split reporter method). This tech-
nique can be applied directly on fixed cells that have been grown in 
chamber slides and have been treated (insulin stimulation) accord-
ing to the requirements of the experiment. After fixation cells are 
permeabilized and blocked using the appropriate reagent and then 
are incubated with primary antibodies that detect the interacting 
proteins and have been raised in different host species. Subsequently 
after the incubation and washing of the unbound amounts of pri-
mary antibodies, cells are treated with proximity probes. These 
probes are secondary antibodies specific to recognize the primaries 
and each of them is covalently attached to a single-stranded oligo-
nucleotide. Following the incubation the excess proximity probes 
are washed and the connector oligonucleotides are added. In the 
case of interacting proteins the binding of the oligo-tagged sec-
ondary antibodies to adjacent primary antibodies allows hybridiza-
tion of two connector oligonucleotides. Succeeding hybridization, 
enzymatic ligation of the stably hybridized connector oligonucle-
otides produces a single-stranded circular DNA molecule. This can 
be used as template for rolling circle amplification (RCA) after the 
addition of φ29 DNA polymerase. The polymerase reaction can be 
primed from one of the oligonucleotides attached to the secondary 
antibody (the other oligonucleotide has its 5′ end modified and it 
is not permissive for nucleotide addition and extension) [13]. 
During the incubation, as the amplification continues, the poly-
merase constantly replaces the newly synthesized strand producing 
an elongated single-stranded polynucleotide whose sequence con-
sists of complementary repeats of the single-stranded circular tem-
plate. The polymerization product can be visualized by the addition 
of single-stranded fluorescently labeled detection oligonucleotides, 
which are complementary to a sequence that is repeated within the 
elongated single-stranded polynucleotide. This allows hybridiza-
tion of a large number of detection oligonucleotides, which pro-
vides signal amplification. Finally after the last washes and mounting 
of the slides, samples are ready for microscopy using a conventional 
fluorescent microscope. Considering that the maximum distance 
for two proteins to give a positive signal is determined exclusively 
by the size of both primary and secondary antibodies and the 
length of the oligonucleotides, typically 10–15 nm [14, 15], every 
single pair of interacting proteins will appear as a single fluorescent 
dot under the microscope. This means that obtained data can be 
easily enumerated and statistically analyzed (see Fig. 1).

Proximity Ligation to Study GLUT4 Trafficking
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2 Materials

All cell culture media are filter sterilized through a 0.22 μm pore 
size filter.

 1. 3T3-L1 fibroblast growth medium: 10 % v/v Newborn calf 
serum (NCS) in Dulbecco’s modified Eagle medium (DMEM).

 2. 3T3-L1 adipocyte growth medium: 10 % v/v Fetal bovine 
serum (FCS) in DMEM.

 3. 3T3-L1 differentiation medium 1: 0.5 mM 3-Isobutyl-1-
methyxanthine (IBMX), 0.25 mM dexamethasone, 1 μM insu-
lin in 3T3-L1 adipocyte growth media.

 4. 3T3-L1 differentiation medium 2: 1 μM Insulin in 10 % v/v 
fetal bovine serum (FCS) containing DMEM.

2.1 Cell Growth 
Media

Fig. 1 PLA major steps and overall principle. Cells, 3T3-L1 fibroblasts or adipocytes, are grown on eight-
chamber slides and stimulated with insulin or not according to the experiment. Cells are washed, fixed, and 
permeabilized according to the protocol (1). Primary antibodies detecting the proteins of interest are added (2). 
If the proteins are in close proximity then the secondary antibodies (proximity probes) covalently attached to 
single-stranded oligonucleotides (3) are able to stabilize the connector oligonucleotides via hybridization and 
form a circular single-stranded DNA molecule as a ligation product (4). This can function as template for RCA 
and the final amplification product can be detected with the addition of detector oligonucleotides that can be 
hybridized to the elongated DNA single strand (5). After the final washes, drying, and mounting every single 
pair of interacting proteins can be visualized as single dot under fluorescent microscope. The obtained numeri-
cal data of the signal can be further statistically analyzed (6)
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In all the solutions mentioned in this protocol high-purity sterile 
water is used as a dissolving agent. All the solutions are filtered 
through 0.22 μm filter and brought to room temperature before use.

 1. PBS buffer: 85 mM NaCl, 1.7 mM KCl, 5 mM Na2HPO4, 
0.9 mM KH2PO4, pH 7.4. Stored at 4 °C up to 6 months.

 2. PFA fixative solution: 3 % w/v Paraformaldehyde. Stored at 
−20 °C up to 6 months.

 3. GLY: 20 mM Glycine in PBS. Stored at 4 °C up to 4 weeks.
 4. BSA/GLY solution: 2 % (w/v) Bovine serum albumin (BSA), 

20 mM glycine in PBS. Store at 4 °C up to 4 weeks.
 5. BSA/GLY/SAP solution: 0.1 % w/v Saponin in BSA/GLY 

solution. Can be stored at 4 °C up to 4 weeks.
 6. Wash buffer A: 100 mM Tris–HCl, 150 mM NaCl, and 

0.05 % w/v Tween-20, pH 7.4. Can be stored at 4 °C up to 6 
months.

 7. Wash buffer B: 200 mM Tris–HCl and 100 mM NaCl, 
pH 7.5. Can be stored at 4 °C up to 6 months.

 8. TBS-T: 20 mM Tris–HCl, 137 mM NaCl, 0.1 % v/v Tween-
20 pH 7.5. Can be stored at 4 °C up to 6 months.

All the kit reagents are stored at −20 °C and thawed on ice before 
their use.

 1. Primary antibodies: Selected primary antibodies raised 
against the proteins of interest in different host species (e.g., 
mouse and rabbit).

 2. PLA probe MINUS: Secondary antibody raised against one 
of the primaries (e.g., either anti-mouse or anti-rabbit), cova-
lently attached to a single-stranded oligonucleotide whose 5′ 
end is chemically modified (nonpermissive for elongation) 
(part of Duolink in situ fluorescence kit).

 3. PLA probe PLUS: Secondary antibody raised against one of 
the primaries (e.g., either anti-rabbit or anti-mouse), cova-
lently attached to a single-stranded oligonucleotide (permis-
sive for elongation) (part of Duolink in situ fluorescence kit).

 4. Ligation (5×): Contains the connector oligonucleotides that 
hybridize to the PLA probes and all components needed for liga-
tion except the ligase (part of Duolink in situ fluorescence kit).

 5. Ligase: Contains the ligase (1 U/μL) (part of Duolink in situ 
fluorescence kit).

 6. Amplification (5×): Contains all components needed for 
rolling circle amplification except the polymerase. 
Oligonucleotide probes labeled with a fluorophore that 
hybridize to the RCA product are also included (part of 
Duolink in situ fluorescence kit).

2.2 Solutions 
and Buffers

2.3 Reagents

Proximity Ligation to Study GLUT4 Trafficking
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 7. Polymerase: Contains the polymerase (10 U/μL) (part of 
Duolink in situ fluorescence kit).

 8. Mounting medium with DAPI: Duolink in situ mounting 
media with DAPI is aqueous and does not solidify (part of 
Duolink in situ fluorescence kit).

 1. 0.22 μm Pore size filter.
 2. 8-Well chamber slide (Thermo Scientific Nunc™ Lab-Tek™ II 

Chamber Slide™ System 8-wells).
 3. 10 cm plastic Petri dishes.
 4. Vacuum aspirator.
 5. Coplin staining jars.
 6. Shaker.
 7. Humidity chamber (moist chamber).
 8. Freeze block for enzymes.
 9. Incubator, 37 °C.
 10. Pipettes (covering the range from 1 to 1000 μL).
 11. Coverslips compatible with fluorescence microscopy.
 12. High-purity water (sterile filtered, Milli-Q® or similar).
 13. Fluorescence microscope equipped as follows: Excitation/

emission filters compatible with fluorophore and nuclear stain 
excitation/emission, camera, and software for image acquisi-
tion (e.g., Zeiss LSM Pascal Exciter fluorescence system with 
a 63× oil immersion objective).

 1. Blobfinder version 3.2 (see Note 1).
 2. Imaging analysis LSM software (Zeiss).

3 Methods

Cells, 3T3-L1 fibroblasts or differentiated adipocytes (see Note 
2), are grown on Labtech eight-chamber slides using either fibro-
blast or adipocyte growth medium accordingly (500 μL per well). 
Cells that are to be stimulated with insulin (or not, in the case of 
basal controls) are “serum starved” for at least 2 h by replacing 
their serum-containing medium with serum-free DMEM. Cells are 
then stimulated by adding 100 nM insulin into the chamber wells 
and incubated at 37 °C for various time periods (based on the 
experiment—typical stimulation time 5 min). Basal control cells 
are left untreated or treated with vehicle.

2.4 Equipment

2.5 Software

Dimitrios Kioumourtzoglou et al.
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 1. Transfer chamber slides containing insulin-stimulated and 
unstimulated fibroblast or adipocyte 3T3-L1 cells from the cell 
incubator and place them on the bench.

 2. Aspirate carefully the medium from the chamber wells (see Note 3).
 3. Wash the cells carefully twice with PBS 400 μL (see Note 3).
 4. Add 200 μL of PFA fixative solution to fix the cells. Incubate 

at room temperature for 20–30 min.
 5. Wash twice with 400 μL GLY solution to quench the PFA.
 6. Add 200 μL of BSA/GLY/SAP solution to block and permea-

bilize the cells. Incubate for 30 min at 37 °C in humidity 
chamber (see Note 4).

 1. Dilute the primary antibodies to a suitable concentration (typi-
cal range 1:50–1:200) in BSA/GLY/SAP solution.

 2. Aspirate the blocking solution from the wells. Try to obtain an 
equal residual volume on each well on slide in order to ensure 
reproducibility. Do not allow the samples to dry before adding 
the primary antibodies, as this will cause background.

 3. Add 100 μL of the primary antibody solution to each sample.
 4. Incubate in a humidity chamber. Use optimal time for your 

primary antibodies, usually ON at 37 °C (see Note 6).

 1. Mix and dilute the two PLA probes in a 1:5 ratio in BSA/
GLY/SAP solution. For example, for a 40 μL reaction take 
8 μL of PLA probe PLUS stock, 8 μL of PLA probe MINUS 
stock, and 24 μL of BSA/GLY/SAP solution. Leave the anti-
body mixture for 20 min at room temperature.

 2. Aspirate the primary antibody solution from the wells.
 3. Remove the well walls (see Note 7) from each slide and wash 

the slides using SAP/BSA/GLY solution (see Note 8). Washing 
should be performed in a Coplin staining jar, with a minimum 
volume of 70 mL (enough to cover the full length of the 
slides), on a shaker with gentle agitation for at least 10 min. 
The wash buffers should be at room temperature before use.

 4. Add the diluted PLA probe solution (40 μL per well). Place 
the slides into humidity chamber.

 5. Incubate the slides for 1 h at 37 °C.

 1. Thaw the ligation (5×) reagent, vortex it, make 1:5 dilution in 
high-purity water, and mix. It is advised not to add the ligase 
until immediately before the addition of the mixture to the 
samples. Take the volume of ligase into consideration when 
calculating the amount of water added. For example for a 
40 μL reaction volume, take 8 μL of the ligation (5×) reagent 
and 31 μL of high-purity water.

3.1 Fixing 
and Blocking

3.2 Primary 
Antibodies  
(See Note 5)

3.3 PLA Probes

3.4 Ligation  
(See Note 9)

Proximity Ligation to Study GLUT4 Trafficking
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 2. Aspirate gently the PLA probe solution from the slides.
 3. Wash the slides in wash buffer A for 2 × 10 min with gentle 

agitation.
 4. Remove the ligase from the freezer and keep it on ice or in a 

freeze box. Add ligase to the ligation solution from step 1 at a 
1:40 dilution and vortex. For example for a 40 μL reaction 
volume, add 1 μL of ligase to 39 μL of ligation solution. 
Transfer the ligase back to the freezer.

 5. Add the ligation-ligase solution to each sample (40 μL per well).
 6. Place the slides in a preheated humidity chamber and incubate 

for at least 30 min at 37 °C.

 1. Thaw the amplification (5×) reagent, vortex it, make 1:5 dilution 
in high-purity water, and mix. You should add the polymerase 
immediately before the addition of the mixture to the sample. 
Take the volume of polymerase into account when calculating the 
amount of water added. For a 40 μL reaction volume, take 8 μL of 
the amplification (5×) reagent and 31.5 μL of high-purity water.

 2. Aspirate carefully the ligation-ligase solution from the slides.
 3. Wash the slides in wash buffer A twice for at least 5 min with 

gentle agitation. Aspirate all the remaining wash solution after 
the last washing.

 4. Remove the polymerase from the freezer and keep it on ice or 
alternatively place it into a freezing block (−20 °C). Add poly-
merase to the amplification solution from step 1 at a 1:80 dilu-
tion and vortex. For a 40 μL reaction volume, add 0.5 μL of 
polymerase to 39.5 μL of amplification solution.

 5. Add the amplification-polymerase solution to each sample 
(40 μL per well).

 6. Place the slides in a preheated humidity chamber and incubate 
for 2 h at 37 °C (see Note 11).

 1. Prepare 0.01× wash buffer B.
 2. Aspirate the amplification-polymerase solution from the slides.
 3. Wash the slides in wash buffer B for 2 × 10 min with gentle 

agitation.
 4. Wash the slides in 0.01× wash buffer B for 1 min with gentle 

agitation.
 5. Aspirate the remaining 0.01× wash buffer B from the slides.
 6. Let the slides dry at room temperature in the dark (see Note 12).

 1. Mount your slides with a coverslip using a minimal volume of 
Duolink in situ mounting medium with DAPI. Make sure that 
no air bubbles get caught under the coverslip (see Note 13).

3.5 Amplification 
(See Notes 9 and 10)

3.6 Final Wash Step 
(See Note 10)

3.7 Preparation 
for Imaging  
(See Note 10)
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 2. Incubate for approximately 15 min in the dark.
 3. Visualize the cells using a 63× oil immersion objective lens fit-

ted to a Zeiss LSM Pascal Exciter confocal fluorescence micro-
scope (see Note 14). Images can be analyzed using LSM 
software (Zeiss).

 1. After imaging, store the slides at −20 °C in the dark. Signal is 
stable for up to 2–3 weeks.

 2. Pictures obtained (see Fig. 2) can be further analyzed using 
Blobfinder software (signal estimation). The following param-
eters should be used and kept constant throughout all the fig-
ure analysis: Blob threshold: 120 (arbitrary units). Minimum 
nucleus size: 100 pixels. Cytoplasm size: 200 pixels. Blob size: 
3 × 3 pixels. The signal can be normalized to the signal obtained 
from the technical negative controls if necessary (see Note 15).

4 Notes

 1. See reference [16] for further details.
 2. Fibroblasts are grown to confluence and subsequently starved 

for 3 days (no medium replacement). On the day of differentia-
tion cells are washed with serum-free DMEM and differentia-
tion medium 1 is added to the flask (500 μL per well). After 3 
days the medium is carefully replaced by differentiation medium 
2 (500 μL per well) and after 2 days cells start being fed normally 
with adipocyte growth media (replacing the media every other 
day until the adipocytes were used for experiments (typically on 
the 8th–12th day after differentiation).

 3. Differentiated adipocytes are loosely attached to the bottom 
of the chambers. Aspiration of the medium and addition of the 

3.8 Image Analysis

Fig. 2 SNAP23/Munc18c PLA. PLA using antibodies against SNAP23 (mouse) and Munc18c (rabbit) was per-
formed in 3T3-L1 fibroblasts treated with insulin (100 nM for 5 min) or not (basal). Red spots correspond to 
protein-protein interaction couples. Blue: DAPI-stained nuclei. The control shown represents the omission of 
the primary antibody against Munc18c

Proximity Ligation to Study GLUT4 Trafficking
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washing buffers or other reagents should be done carefully 
and gently in order to avoid any cell loss.

 4. For the humidity chamber, a 10 cm plastic Petri dish can be 
used with a small piece of cotton soaked in distilled sterile water.

 5. The success of PLA is largely based on the specificity and bind-
ing affinity of the primary antibodies. It is essential that the 
primary antibodies are carefully chosen, thoroughly checked, 
and optimized (dilution factor, diluting agent, incubation 
period, blocking, etc.) by both immunodetection (Western 
blot) using cell lysates and most importantly by immunofluo-
rescence microscopy.

 6. One-hour incubation can also be performed. If that is the case 
the antibody/solution volume can then be reduced to 40 μL.

 7. Extra care should be paid during the removal of the walls. 
Slides might crack because of the uneven pressure. Use of a 
razor to remove any residual adhesive material after the 
removal of the walls is strongly suggested in order to achieve a 
flat surface, which is crucial for the proper placement of the 
coverslip during the last step of the protocol.

 8. Alternatively, TBS-T can be used when there is strong background 
signal due to unspecific binding of the primary antibodies.

 9. Use open droplet reactions without a coverslip and perform all 
incubations in a humidity chamber. The volume examples are 
based on 40 μL reaction volume, suitable for 1 cm2 reaction 
area. Adjust the volumes corresponding to your specific 
enclosed reaction area.

 10. During the amplification step light-sensitive reagents are used. 
Use of a foil-wrapped shallow box to cover the slides during 
the washes is strongly suggested.

 11. Amplification time is a determining factor for the average size 
of the individual signal. In case of a strong signal due to high 
protein abundance and/or primary antibody efficiency, 
reduced incubation time is suggested.

 12. In order to speed up the drying procedure the slides can be 
immerged in ethanol momentarily after the last wash and then 
can be let dry in the dark.

 13. It is recommended the mounting medium to be placed on the 
coverslip (8 drops of ~10 μL—each of them corresponding to 
one of the 8 wells) and then the coverslip can be flipped and 
carefully placed on the top of the slide with the help of a pair 
of fine forceps. Since the mounting medium does not solidify, 
nail polish can be used to seal the edges.

 14. Conventional fluorescent microscope with the appropriate 
filters depending on the fluorophore of the detection nucleo-
tide can also be used.

Dimitrios Kioumourtzoglou et al.
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 15. As an immunofluorescence-based method, PLA faces the same 
common problems with other immunodetection approaches such 
as incomplete immobilization, reorganization, cytoskeletal 
changes, epitope accessibility, and antibody “patching.” These dif-
ficulties can be overcome by the use of appropriate technical con-
trols (omission of one of the primary antibodies) and the fact that 
PLA is used to compare the difference, if any, of interactions in 
two different conditions (insulin stimulation-basal conditions).
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Chapter 17

Quantification of Cell-Surface Glucose Transporters 
in the Heart Using a Biotinylated Photolabeling Assay

Zahra Maria and Véronique A. Lacombe

Abstract

The biotinylated photolabeling assay enables quantification of cell-surface glucose transporters (GLUTs). 
This technique has been successfully applied to quantify the cell-surface GLUT protein content in striated 
muscles and adipose tissue, as a means to evaluate GLUT trafficking. Here, we describe the detailed 
method of quantifying the cell-surface content of several GLUT isoforms (1, 4, 8, and 12) in isolated 
cardiac myocytes, as well as in the intact perfused atria and ventricle.

Key words GLUTs, Biotinylation assay, Bis-mannose photolabel, Immunoblot, Myocyte, Heart, 
Atria, Ventricle, Muscle

1 Introduction

Glucose uptake from the bloodstream into the cell is the rate-limit-
ing step of cardiac glucose utilization. A family of membrane trans-
porter proteins known as GLUTs tightly controls glucose transport 
across the cell surface. So far, 14 GLUT isoforms have been identi-
fied. Based on the similarity in their sequences, they have been clas-
sified into three classes: Class 1 (GLUTs 1–4 and GLUT 14), Class 
2 (GLUT-5, -7, -9, and -11), and the novel Class 3 (GLUT-6, -8, 
-10, -12 and HMIT) [1, 2]. The Class 1 glucose transporters con-
sist of the most prominently expressed GLUTs, while the Class 3 
GLUTs are the most novel isoforms that remain to be fully investi-
gated. Importantly, GLUT1, a ubiquitously expressed isoform, is a 
membrane-bound GLUT that allows the influx of glucose into the 
cell at a basal rate. Other GLUTs, such as GLUT4, require activa-
tion by insulin to translocate from their intracellular vesicles (inac-
tive site) to the cell surface (active site) in order to facilitate glucose 
diffusion in insulin-sensitive tissues (i.e., striated muscle and adi-
pose tissue). Importantly, GLUT-1, -4, -8, and -12 are reportedly 
expressed in the cardiac tissue [3–5]. The biotinylated p hotolabeling 
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technique provides a direct quantifiable measure of active cell- 
surface and intracellular GLUT proteins. This technique was first 
used to assess trafficking of intracellular GLUT4 to the cell surface 
in several insulin-sensitive tissues (i.e., skeletal muscle and adipose 
tissue) [6, 7]. This technique was also adapted to quantify cell-sur-
face GLUTs in isolated cardiac myocytes and in the intact perfused 
mouse heart [8]. While many studies have been adapted to study 
mouse cardiac metabolism, the quantification of cell-surface GLUT, 
which is critical to unravel the molecular mechanisms regulating 
glucose transport, has proven very challenging in mice. For instance, 
conventional membrane fractionation techniques are difficult to 
apply to mice because of the small size of the heart (<150 mg), and 
immunohistochemistry and immunofluorescence techniques have 
some limitations for accurate protein quantification. In addition, 
docking and fusion of GLUT4 with the cell-surface membrane are 
required steps, after translocation, to activate GLUTs, which can-
not be differentiated from inactive GLUTs (i.e., before fusion) with 
the techniques mentioned above [8, 9]. Although first described to 
measure GLUT4 trafficking, this technique has also been adapted 
in our laboratory to measure several other GLUT isoforms (e.g., 
GLUT-1, -8, and -12) [3, 5, 10].

The biotinylated bis-mannose photolabeled reagent (Bio-LC-
ATB-BGPA) is either infused through the aorta of the perfused 
heart or incubated with isolated cardiac myocytes. The reagent spe-
cifically interacts with the extracellular binding site of GLUTs. Upon 
UV irradiation, the diazirine group loses nitrogen and generates a 
short-lived carbene, which interacts with the extracellular binding 
site of the GLUTs by establishing a covalent bond (see Fig. 1) [6, 7, 
11]. Protein extraction is immediately followed by homogenization 
and ultracentrifugation. Recovery of photolabeled (cell surface) 
GLUTs is achieved using streptavidin isolation, facilitating separa-
tion of non-cell-surface GLUTs from cell-surface GLUTs. The 
labeled GLUTs are then dissociated from the streptavidin by boiling 
in Laemmli buffer prior to SDS-PAGE and subsequent immunob-
lotting with GLUT antibody (see Fig. 1) [3, 5, 10].

2 Materials

 1. Photolabeled compound: Reconstitute the vial of Bio-LC-
ATB-BGPA (N-[2-[2-[2-[(N-biotinyl-caproylamino)-ethoxy)
ethoxyl]-4-[2-(trifluorommethyl)-3H–diazirin-3-yl]benzoyl]-
1,3-bis(mannopyranosyl-4-yloxy)-2-propylamine (Toronto 
Research Chemical) in deionized distilled water (0.09 mL 
water/mg). Vortex to ensure proper mixing. Store the solu-
tion in an opaque tube at 4 °C (see Note 1).

 2. Tyrode buffer (1×): 135 mM NaCl, 5.4 mM KCL, 1 mM 
MgCl2, 0.33 mM NaH2PO4, 10 mM HEPES 

2.1 Photolabeling 
Isolated Cardiac 
Myocytes and Intact 
Perfused Heart

Zahra Maria and Véronique A. Lacombe
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(4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid), and 
10 mM glucose. Mix and adjust pH to 7.4 (see Note 2).

 3. Krebs-Henseleit buffer (KHB): 118 mM NaCl, 4.74 mM 
KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 
15 nM of bovine serum albumin, 7 mM glucose, pH 7.4.

 4. Buffer 1: 210 mM Sucrose, 40 mM NaCl, 2 mM EGTA (ethyl-
ene glycol-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid), 
30 mM HEPES, pH 7.4. Add protease inhibitor cocktail at a 
1:500 dilution to buffer 1 just before starting the protocol.

 5. Buffer 2: 1.167 M KCl, 58.3 mM Na4O7 P2∙10H2O, pH 7.4.
 6. Radioimmunoprecipitation assay (RIPA) buffer: 50 mM Tris–

HCl, pH 8.0, 150 mM NaCl, 1 % w/v NP-40, 0.5 % sodium 

Biotin

Bis-mannose photolabel

Streptavidin binding 
site

GLUT binding site
A

Step 1: Photolabeling the membrane bound
    GLUT proteins

Biotinylated Photolabeling Compound 

Plasma 
Membrane

UV Light
Photo reaction

GLUT 
Intracellular 
vesicle

Streptavidin Agarose beads 

GLUT

Step 2: Cell Lysis and separation of the cell surface  
              photolabeled GLUT proteins using 
              streptavidin conjugated agarose beads

B

Step 3: Detection by Western blot with anti-GLUT 
               antibody

Labeled cell surface 
fraction

Unlabeled 
intracellular fraction

Fig. 1 Photolabeling of cell-surface GLUTs. Adapted from [7]. (a) Bio-LC-ATB-BGPA compound. (b) Photolabeling 
the cell-surface GLUTs with the Bio-LC-ATM-BGPA. Irradiation with UV light permanently cross-links the pho-
tolabeled compound to the cell-surface GLUT proteins. Total crude membrane-enriched protein lysate from 
photolabeled tissue or myocytes is prepared by ultracentrifugation and isolated with streptavidin-agarose to 
separate cell-surface GLUTs (“labeled,” plasma membrane fraction) from intracellular GLUTs (“unlabeled”) 
that remains in the supernatant. Equal aliquots are immunoblotted with GLUT antibody

GLUT Trafficking in the Heart
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deoxycholate, 0.1 % w/v SDS supplemented with 0.2 % prote-
ase inhibitor cocktail.

 7. Langendorff apparatus.
 8. Water bath at 37 °C.
 9. Ultracentrifuge and appropriate ultracentrifuge tubes.
 10. Rayonet RPR-100 photoreactor.
 11. Microcentrifuge and rotor for 1.7 mL microcentrifuge tubes.
 12. Rocker for 96-well plates.

 1. Streptavidin agarose resin beads: Streptavidin agarose is a stan-
dard-capacity beaded agarose resin of immobilized recombi-
nant streptavidin protein.

 2. Micro-spin column: Should be able to handle approximately 
400 μL of solution and 5 μL of resin with approximately 30 μm 
pore size.

 3. 1 M Dithiothreitol (DTT).
 4. Phosphate-buffered saline (PBS) solution: 150 mM NaCl, 

10 mM NaH2PO4, pH 7.4
 5. 1 and 0.1 % v/v Triton X-100 in PBS.

 1. Resolving gel buffer: 1.5 M Tris–HCL, pH 8.8.
 2. Stacking gel buffer: 0.5 M Tris–HCL, pH 6.8.
 3. 30 % w/v Acrylamide.
 4. 10 % w/v Sodium dodecyl sulfate (SDS).
 5. 10 % w/v Ammonium persulfate.
 6. N,N,N′,N′-tetramethylethylenediamine (TEMED).
 7. Tween phosphate-buffered saline (TPBS): 1 % v/v Tween-

20 in 1× PBS.
 8. Tris-glycine buffer: 25 mM Tris and 192 mM glycine, pH 8.3.
 9. Transfer buffer: 10 % Tris-glycine, 20 % methanol, and 70 % 

H2O.
 10. Tris-glycine SDS buffer (gel electrophoresis buffer): 25 mM 

Tris and 192 mM glycine, 0.1 % w/v SDS, pH 8.3.
 11. Polyvinylidene fluoride (PVDF) membranes: 0.2 μm pore size, 

binding capacity 150–160 μg/cm2.
 12. Nonfat dry milk.
 13. Laemmli sample loading buffer (2×).
 14. Vertical gel electrophoresis system.
 15. Mini Transblot module for gel transfer.
 16. SDS-PAGE gel casting apparatus including casting stands with 

clamps, short plates, spacer plates, and comb.

2.2 Spin Column 
Separation of Cell-
Surface Fraction

2.3 SDS 
Polyacrylamide Gel 
and Immunoblotting
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 1. GLUT1: Abcam, polyclonal rabbit anti-human GLUT1; 
1:500 (see Note 3).

 2. GLUT4: AbD Serotec, polyclonal rabbit anti-human GLUT4, 
1:750 (see Note 4).

 3. GLUT8: Bioss, polyclonal rabbit anti-human GLUT8, 1:500 
(see Note 5).

 4. GLUT12: Abcam, polyclonal rabbit anti-human GLUT12, 
1:500 (see Note 6).

 5. Secondary antibody: GE Healthcare, polyclonal goat anti-rab-
bit, 1:2500.

3 Methods

 1. Perfuse the heart in a retrograde manner using a Langendorff 
apparatus. Isolate atrial and ventricular myocytes using enzy-
matic perfusion (see Note 7).

 2. Add tyrode buffer to the myocyte pellet (the volume will be 
based on the number of treatments and replicates). Carefully 
divide the atrial and ventricular myocytes into equal volumes 
(200 μL) for the desired number of treatments.

 3. If required, incubate myocytes with insulin (or other com-
pound as required) in a 96-well plate, gently agitating on the 
plate rocker for 30 min. At the end of the incubation period, 
place the 96-well plate in a water bath at 18 °C for 5 min to 
slow down GLUT trafficking.

 4. Add photolabeled compound to each well to achieve the final 
concentration of 300 μM and gently rotate the plate for 1 min.

 5. Irradiate cells using a Rayonet UV reactor for 3 cycles of 1 min 
to photo-chemically cross-link the Bio-LC-ATB-BGPA to the 
cell-surface GLUTs (see Fig. 1).

 6. After irradiation, collect the cells in a microcentrifuge tube. 
Wash each well four times with 200 μL of 1× tyrode buffer and 
transfer the solution to the same microcentrifuge tube; keep 
the samples on ice. Centrifuge the tubes at 1,700 × g for 1 min 
and discard the supernatant.

 7. Resuspend the pellet in 1 mL of 1× tyrode buffer. Centrifuge 
at 1,700 × g for 1 min. Discard the supernatant. Repeat this 
step four times, each time using 1 mL of 1× tyrode buffer to 
resuspend the pellet.

 8. Add 0.1–1 mL of RIPA buffer to each pellet (the volume will be 
based on the size of the pellet and the desired sample concentra-
tion), vortex, and incubate for 60 min at 4 °C with rotation.

 9. Centrifuge tubes at 13,000 × g for 60 min at 4 °C. Discard 
pellet and save supernatant.

2.4 Antibodies 
(Vendor, Source, 
Dilution)

3.1 Photolabeling 
of Isolated Atrial 
and Ventricular 
Myocytes

GLUT Trafficking in the Heart
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 10. Perform appropriate assay to determine the protein concentra-
tion of the supernatant (referred as “total lysate”).

 11. Flash-freeze in liquid nitrogen and store at −80 °C or proceed 
with Subheading 3.2.

 12. As a variation of this technique, atrial and ventricular tissue can 
be photolabeled by perfusion of the intact heart with the bio-
tinylated compound (see Figs. 2 and 3) [3, 5, 8, 10]. To our 
knowledge, we are the first to apply this technique to study 
GLUT trafficking in the atria (see Notes 8 and 9). Variation of 
this technique can also be applied to skeletal muscle, adipose 
tissue, and other tissue (e.g., lung, colon); see Note 10.

Fig. 2 Representative Western blots. (a) GLUT4 and (b) GLUT8 protein in cell surface (L), intracellular (UL), and 
total membrane (TL) fractions from photolabeled ventricular myocytes. Total protein lysate from mouse ven-
tricle was used as a positive control (+ve Con). Validation of the photolabeling technique to quantify the cell-
surface fraction of (c) GLUT4 and (d) GLUT8. Top panel: Representative Western blot of GLUT4 and GLUT8 in 
the photolabeled intact perfused atria. Bottom panel: Mean ± SEM of GLUT protein expression in L, UL, and TL 
fractions (values expressed relative to labeled; n = 3–4/group). Please note that the sum of the labeled and the 
unlabeled GLUT-4 and -8 pools is equal to the total cardiac GLUT-4 and -8 content

Zahra Maria and Véronique A. Lacombe
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 1. Add 200 μg of protein to 100 μL of streptavidin agarose resin. 
Rotate gently the samples overnight at 4 °C.

 2. Centrifuge samples at 2,300 × g for 5 min at room tempera-
ture to extract supernatant that contains the non-photolabeled 
GLUTs; save as “unlabeled fraction.”

 3. Wash the beads three times with 1 mL of 1 % v/v Triton X-100 
in PBS solution at room temperature. Vortex the samples. 
After each wash, centrifuge the samples at 2,300 × g for 5 min 
at room temperature and discard the supernatant.

 4. Wash beads three times with 1 mL of 0.1 % v/v Triton 
X-100 in PBS solution. Vortex the samples. After each wash, 
centrifuge the samples at 2,300 × g for 5 min at room tem-
perature and discard the supernatant.

 5. Wash beads once with 1 mL of PBS. Vortex the samples. 
Centrifuge at 2,300 × g for 5 min at room temperature and 
discard the supernatant.

 6. Add 30 μL of Laemmli buffer (2×) to the beads, vortex, and 
centrifuge at 1,000 × g for 30 s. Boil the samples for 30 min. 
Allow tubes to cool for 5 min.

 7. Centrifuge at 2,300 × g for 5 min at room temperature. Save 
supernatant in a microcentrifuge tube as “labeled fraction” 
and place on ice. Repeat step 6 once.

 8. Remove the beads and the Laemmli buffer from the microcentri-
fuge tube and add them to the micro-spin column. Place micro-
spin columns in the tubes containing the labeled fraction.

3.2 Isolation 
of Cell-Surface 
Fraction

Fig. 3 Insulin stimulates GLUT4 and GLUT8 trafficking to the atrial and ventricular cell surface in the intact perfused 
heart. (a) GLUT4 and (b) GLUT8 trafficking. Top panels: Representative Western blot of cell surface (L) and intracellular 
(UL) GLUT4 and GLUT8. Bottom panels: Mean ± SE of cell-surface GLUT protein content (values expressed relative 
to labeled basal atria; n = 3–4/group); # P < 0.05 vs. basal; *P < 0.05 vs. atria). Adapted from [3]

GLUT Trafficking in the Heart
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 9. Centrifuge the spin columns with the microcentrifuge tubes at 
2,300 × g for 5 min. At the end of this step, the beads will 
remain in the spin column and the “labeled fraction” will be 
collected in the microcentrifuge tube.

 10. Add appropriate amount of 1 M of DTT to reach the desired 
concentration of 350 mM. Incubate at room temperature for 
10 min.

 11. Proceed to Subheading 3.3.

 1. Prepare resolving gel by mixing 6.6 mL of deionized distilled 
water, 5 mL of 1.5 M Tris–HCL (resolving gel buffer), 8 mL 
of 30 % w/v acrylamide, 200 μL of 10 % w/v SDS, 200 μL of 
10 % w/v APS, and 10 μL of TEMED in a 50 mL glass beaker. 
Cast gel within 7.25 cm × 10 cm × 1.5 mm gel cassette. Allow 
space for stacking gel and gently overlay with 70 % ethanol. 
After the gel has solidified discard the 70 % ethanol.

 2. Prepare stacking gel by mixing 3 mL of deionized distilled 
water, 1.25 mL of 0.5 M Tris–HCL (stacking gel buffer), 
650 μL of 30 % w/v acrylamide, 50 μL of 10 % w/v SDS, 
50 μL of 10 % w/v APS, and 5 μL of TEMED in a 10 mL glass 
beaker. Transfer the stacking gel mixture to the gel cassette 
over the solidified resolving gel. Insert immediately a 10-well 
gel comb.

 3. Use standard Western blotting procedures to detect the GLUT 
protein of interest (see Figs. 2 and 3). Protein (5–20 μg) will 
be resolved on a 12 % w/v SDS-polyacrylamide gel and elec-
trophoretically transferred to a polyvinylidene fluoride mem-
brane (see Note 11).

 4. Add 2× Laemmli buffer supplemented with 1 M DTT at 1:1 
ratio to the unlabeled (intracellular) fraction and total lysate 
(total membrane protein samples) (see Notes 11 and 12).

 5. Gel electrophoresis: Run the gel electrophoresis in Tris-
glycine-SDS buffer at 120 V for 120 min.

 6. Transfer the proteins onto the PVDF membranes at 100 V for 
120 min in transfer buffer at 4 °C with a stir bar to keep the 
buffer slightly agitated at all times.

 7. For blocking, use 5 % milk in TPBS buffer for 1 h at room 
temperature.

 8. Wash the membranes twice with TPBS and once with PBS for 
10 min each at room temperature.

 9. Incubate with appropriate primary antibody overnight at 4 °C 
with moderate agitation on a plate rocker. (Please refer to 
Subheading 2 for the detailed preparation of the primary 
antibodies.)

3.3 Immunoblotting

Zahra Maria and Véronique A. Lacombe
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 10. Wash the membranes twice with TPBS and once with PBS for 
10 min each.

 11. Use 1:2500 dilution of the secondary antibody in 5 % milk 
with TPBS buffer for 60 min of incubation.

 12. Wash the membranes twice with TPBS and once with PBS for 
10 min each.

 13. Antibody-bound transporter proteins are quantified by 
enhanced chemiluminescence reaction and autoradiography. 
Band density is quantified and molecular weight is determined 
using appropriate software. All bands of interest are compared 
to an internal positive control known to express the GLUT 
protein of interest.

4 Notes

 1. The photolabeled compound is light sensitive and therefore 
should be used in the dark.

 2. We find that it is best to prepare the buffers on the day of the 
experiment.

 3. Total protein extract from ventricle and liver can be used as 
positive control for GLUT1 (molecular weight: 48 kDa). For 
Western blotting, we recommend loading ~20 μg of protein 
per lane.

 4. Primary antibody has been selected based on predicted species 
reactivity, molecular weight (55 kDa), and lack of cross-reactiv-
ity for proteins outside of our scope of interest. It has been 
further validated using competitive binding assay [12]. Total 
protein extract from ventricle and skeletal muscle can be used 
as positive control for GLUT4. Total protein extract from tes-
tes can be used as negative control for GLUT4. For Western 
blotting, we recommend loading ~10 μg of protein per lane.

 5. Total protein extract from ventricle can be used as positive 
control for GLUT8 (molecular weight: 58 kDa). For Western 
blotting, we recommend loading ~10 μg of protein per lane.

 6. Total protein extract from ventricle and kidney can be used as 
positive control for GLUT12 (molecular weight: 67 kDa). 
For Western blotting, we recommend loading ~20 μg of pro-
tein per lane.

 7. Isolate atrial and ventricular myocyte using enzymatic perfu-
sion, as previously described [3, 13]. The atria could be 
digested before the ventricle. Monitor the atria carefully to 
avoid over-digestion, which can affect the yield of the isolated 
myocytes. Best results can be achieved if the yield can be kept 
consistent between isolations (>80 % for ventricular myo-
cytes). Make sure that the isolated atrial cells are not contami-

GLUT Trafficking in the Heart
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nated with the ventricular cells. Evaluating the shape of the 
myocytes under a microscope can assess this.

 8. Atrial and ventricular tissue can also be photolabeled by 
 perfusion of the intact heart with the biotinylated compound 
[3, 5, 8, 10]. Briefly, excise the heart of a deeply anesthetized 
mouse/rat. Isolate and cannulate the aorta with a blunt nee-
dle. To ensure appropriate cannulation of the aorta, flush the 
heart with the ice-cold KHB. If the coronary arteries are visi-
ble and filled with blood, the aorta has been appropriately can-
nulated. Use a Langendorff apparatus to perfuse the heart 
with oxygenated KHB (37 °C) for 60 min. Throughout the 
perfusion, ensure that the heart is properly perfused and that 
there is no sign of ischemia. Flush the aortic cannula slowly for 
1 min with 1 mL ice-cold glucose-free KHB, immediately fol-
lowed by 1 mL of the same buffer containing Bio-LC-ATB-
BGPA (300 μM, infused slowly over 1 min). Incubate the 
cardiac tissue with the photolabeled compound in a light-
impermeable microcentrifuge tube on ice for 15 min. Cut the 
atria and ventricles into several pieces (<10 mg) and place on a 
weighing dish on ice. Irradiate the samples in the UV photo-
reactor for 3 cycles of 3 min to photo-chemically cross-link the 
Bio-LC-ATB-BGPA to the cell-surface GLUTs. Collect crude 
membrane extracts for analysis of GLUT proteins as described 
below (see Note 9).

 9. Homogenize ~25–60 mg of tissue in Buffer 1 (70 μL of Buffer 
1/mg of tissue) at 4 °C. Add 30 μL of Buffer 2/mg of tissue 
to each sample and place on ice for 15 min. Centrifuge at 4 °C 
for 90 min at 150,000 × g and carefully discard the superna-
tant. Homogenize the pellet with RIPA buffer (12 μL/mg of 
tissue). Gently rotate the samples for 1 h at 4 °C. Centrifuge 
the samples at 16,000 × g for 1 h in 4 °C and save the super-
natant containing the total membrane proteins. Quantify pro-
tein concentration using a detergent-compatible method 
(Pierce) with BSA as standard. Proceed to step 3.2.

 10. Skeletal muscle, adipose tissue, and colon and lung tissue [14, 
15] may also be photolabeled following a similar protocol 
with the following variations. Incubate 60 mg (~3 × 20 mg 
pieces) of tissue in KHB with glucose for 60 min at 
37 °C. Transfer samples to a 96-well plate (each well contain-
ing 20 mg tissue). Incubate the samples with 200 μL of glu-
cose-free KHB for 10 min at 18 °C. Add Bio-LC-ATB-BGPA 
at 300 μM final concentration to each well and rotate the plate 
for 15 min at 18 °C. Irradiate samples in the UV photoreactor 
for 3 cycles of 3 min to photo-chemically cross-link the Bio-
LC-ATB-BGPA to the cell-surface GLUTs. Collect crude 
membrane extracts for analysis of GLUT proteins and proceed 
to step 3.2.

Zahra Maria and Véronique A. Lacombe
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 11. Since the labeled (cell surface) fraction is already collected in 
Laemmli buffer +1 M DTT (see Subheading 3.2), no further 
addition of Laemmli is required prior to loading the samples in 
SDS-PAGE gels.

 12. Boiling is only permissible to dissociate the labeled cell-surface 
fractions from the streptavidin-conjugated agarose beads (see 
Subheading 3.2). Boiling the labeled fraction longer than 
30 min, or for a second time following storage at −80 °C, will 
lead to irreversible aggregation of GLUT4 and should be 
avoided [8]. Similarly, boiling the intracellular fraction and 
total protein samples must be avoided.
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Chapter 18   

Tracking GLUT2 Translocation by Live-Cell Imaging  

Sabina Tsytkin-Kirschenzweig, Merav Cohen, and Yaakov Nahmias

Abstract

The facilitative glucose transporter (GLUT) family plays a key role in metabolic homeostasis, controlling 
the absorption rates and rapid response to changing carbohydrate levels. The facilitative GLUT2 trans-
porter is uniquely expressed in metabolic epithelial cells of the intestine, pancreas, liver, and kidney. 
GLUT2 dysfunction is associated with several pathologies, including Fanconi-Bickel syndrome, a glycogen 
storage disease, characterized by growth retardation and renal dysfunction. Interestingly, GLUT2 activity 
is modulated by its cellular localization. Membrane translocation specifically regulates GLUT2 activity in 
enterocytes, pancreatic β-cells, hepatocytes, and proximal tubule cells. We have established a system to 
visualize and quantify GLUT2 translocation, and its dynamics, by live imaging of a mCherry-hGLUT2 
fusion protein in polarized epithelial cells. This system enables testing of putative modulators of GLUT2 
translocation, which are potential drugs for conditions of impaired glucose homeostasis and associated 
nephropathy.

Key words Glucose transport, Live imaging, Polarized epithelium, GLUT2, Translocation, Kidney 
function, Type 2 diabetes

1 Introduction

Glucose uptake and transport are key components of metabolic 
homeostasis [1]. Facilitative glucose transporters are a family of 
membrane proteins involved in the concentration-dependent 
transport of several hexoses, such as glucose and fructose, as well as 
myoinositol, urate, glucosamine, and ascorbate across cellular 
membranes. GLUT2 (SLC2A2) is of great importance to glucose 
homeostasis as it is primarily expressed in epithelial cells of the 
intestine, pancreas, liver, and kidney and plays a critical role in glu-
cose absorption, sensing, metabolism, and reabsorption, respec-
tively [2, 3].

Low GLUT2 expression is associated with reduced insulin 
secretion, due to low glucose uptake by the pancreatic β-cells in 
rats [4]. In mice, loss of GLUT2 in hepatocytes leads to  suppression 
of glucose uptake [5]. Low expression of GLUT2 in kidney proxi-
mal tubules is correlated with glucosuria [6]. GLUT2 is even 
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postulated to act as a transcription factor, by activating genes 
involved in glucose metabolism [7]. In humans, mutations inacti-
vating GLUT2 cause Fanconi-Bickel syndrome, a glycogen storage 
disease, presenting with enlarged liver, due to glycogen accumula-
tion, and renal dysfunction, including glucosuria [8]. GLUT2 
dysfunction results in insufficient reabsorption of glucose in the 
proximal tubules that further triggers altered expression of other 
transporters. Fanconi-Bickel patients usually also suffer from 
impaired glucose homeostasis and growth retardation [3, 8–10].

While GLUT2 activity level can be regulated by differential 
expression, subcellular localization of the transporter allows rapid 
modulation of its activity, in minutes rather than hours [11]. 
Trafficking of GLUT4 was first observed almost four decades ago 
when both Suzuki and Kono, and Cushman and Wardzala, reported 
a Golgi-associated storage of GLUT4 in rat adipocytes, from which 
they suggested that it is shuttled to the plasma membrane on 
demand [12, 13]. GLUT2 has low affinity for glucose 
(Km = 17 mM) [14] suggesting that it plays a role in glucose trans-
port primarily following carbohydrate-rich meals and during 
hyperglycemia. At high glucose concentration (≥50 mM) intestinal 
glucose absorption depends on GLUT2 translocation from the 
basolateral membrane, where it is located at low glucose concen-
tration (≤10 mM) to the apical surfaces allowing the rapid intesti-
nal absorption of glucose during meals [15, 16]. A similar 
mechanism was observed also in the kidney, where recruitment of 
GLUT2 to the brush-border membrane enables reabsorption of 
glucose from the filtrate [17]. GLUT2 localization to the basolat-
eral membrane of pancreatic β-cell regulates glucose-induced insulin 
secretion, thereby linking GLUT2 directly to the pathogenesis of 
type 2 diabetes [18]. After feeding, GLUT2 is internally localized 
in hepatocytes, rather than on the membrane, suggesting yet 
another mechanism of localization-regulated activity for GLUT2 in 
the liver [19].

Importantly, most reported localization data was acquired 
using end point assays on fixed tissue samples, thereby revealing 
very little information about the dynamics of GLUT2 transloca-
tion. This type of end point analysis can hinder the ability to inves-
tigate the dynamic effect and underlying mechanisms of action of 
compounds and drugs on the translocation process itself. Recently 
Flechter and colleagues used live imaging to track GLUT4 trans-
location in adipocytes [20, 21]. Similarly, our group employed 
live imaging of GLUT2, to track its translocation in polarized 
three- dimensional cultures of Madin-Darby canine kidney 
(MDCK II) cells [22]. Investigating the kinetics of high/low glu-
cose-induced translocation of GLUT2 revealed temporally asym-
metric  translocation kinetics. While a rapid (15 ± 3 min) 
basal-to-apical GLUT2 translocation was observed in response to 
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glucose stimulation, a fourfold slower (55 ± 4 min) apical-to-basal 
translocation was observed under starvation conditions, as 
expected due to physiological needs. Using this method, we could 
also decipher the bidirectionality and underlying mechanism of 
inhibition by the apple flavonoid phloretin. Our results suggest 
that phloretin administered after a meal will cause increased glu-
cose reabsorption, while its administration prior to a meal, will 
actually result in lower blood glucose. These findings highlight 
the potential of this live imaging system for identifying and char-
acterizing compounds that can potentially treat symptoms associ-
ated with hypo- and hyperglycemia, including nephropathy 
associated with metabolic syndrome and diabetes. Here we 
describe the methods used to visualize and quantify the transloca-
tion processes of GLUT2 in two- and three- dimensional cell cul-
tures of polarized MDCK II cells.

2 Materials

Laminar airflow cabinet is required to create sterile work environ-
ment for tissue culture. An incubator capable of maintaining an 
environment of 37 °C ± 1 °C, 90 ± 5 % humidity, 5 ± 1 % CO2 is 
required for all cell culture and incubation protocols.

MDCK II cells were purchased from the European Collection of 
Authenticated Cell Cultures (ECACC, 00062107) and transfected 
with pmCherry C1 vector containing G418 resistance cassette 
(Clontech), into which we cloned hGLUT2 coding sequence, 
amplified from HepG2/C3A hepatoma cells (ATCC, CRL- 
10741). Transfection was carried out using Lipofectamine® 
2000 according to the manufacturer’s protocol and cells were 
maintained under G418 antibiotic selection [22].

 1. Penicillin-streptomycin solution: 10,000 U Penicillin and 
10 mg/mL streptomycin. Aliquot, and store at −20 °C; refrain 
from repeat freezing and thawing.

 2. European-grade heat-inactivated fetal bovine serum: Aliquot 
to 50 mL and store at −20 °C; refrain from repeat freezing and 
thawing.

 3. L-alanyl-L-glutamine (Sustamine™) 200 mM: Aliquot to 
5 mL and store at −20 °C; refrain from repeat freezing and 
thawing.

 4. MEM nonessential amino acid solution (100×).
 5. Geneticin® Selective Antibiotic (G418 Sulfate), Powder: Under 

sterile conditions dissolve to a concentration of 40 mg/mL in 
ultrapure water (UPW), aliquot to 5 mL, and store at −20 °C; 
refrain from repeat freezing and thawing.

2.1 Culture Medium

Tracking GLUT2 Translocation by Live-Cell Imaging
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 6. High-glucose Dulbecco’s modified Eagle’s medium (DMEM).
 7. Trypsin-EDTA solution: 0.25 % w/v Trypsin, 0.02 % w/v eth-

ylenediaminetetraacetic acid (EDTA). For subculturing.
 8. MDCK II culture medium: Under sterile conditions, add 

5 mL penicillin-streptomycin solution, 5 mL L-alanyl-L- 
glutamine, 5 mL nonessential amino acid solution, 5 mL G418 
solution, and 50 mL fetal bovine serum to 500 mL DMEM 
(Table 1). MDCK II culture medium should be stored at 4 °C 
and used within a few weeks (see Note 1).

 1. Dulbecco’s phosphate-buffered saline (DPBS) with MgCl2 
and CaCl2.

 2. Dextrose (D-glucose).
 3. Hoechst 33342.
 4. Any test compound (putative effector of translocation) should 

be prepared at the desired concentration. For example, phlor-
etin should be dissolved under sterile conditions. Dissolve to a 
concentration of 100 mM in ethanol, aliquot, and store at 
−20 °C.

 5. Low-glucose solution: Use DBPS buffer. Glucose-free, phe-
nol red-free medium can be used as a substitute only if emit-
ting serum, as it too can affect localization of GLUT2.

 6. High-glucose solution: Dissolve glucose into DPBS buffer to 
a final concentration of 75 mM. Sterilize by filtration and store 
at 4 °C.

 7. Nuclear counter-staining solution: Add Hoechst to the pre-
incubation solution (either low-glucose or high-glucose assay 
solution), to a final concentration of no more than 5 μg/mL. 
Use immediately and protect from light, as fluorophores are 
sensitive to photo-inhibition. Hoechst is reactive and degrades 
quickly. Thus, for the best results, prepare fresh solution daily.

2.2 Low- and High- 
Glucose Assay 
Solutions

Table 1 

Final concentration of MDCK II culture medium components in DMEM

Solution Company CAT# Final concentration

Penicillin streptomycin Biological Industries 03–031-1C 100 μg/mL

Fetal bovine serum Biological Industries 04–127-1A 10 %

L-alanyl-L-glutamine Biological Industries 03–022-1B 2 mM

Nonessential amino acids Biological Industries 01–340-1B 1×

Geneticin® Gibco™ 11,811–023 400 μg/mL

DMEM Gibco™ 41,965–039
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 8. Inhibitor solution: Dilute your compound of choice into 
both preincubation solution and into the assay solution. For 
example, dilute phloretin into the assay solution 1:100 to a 
final working concentration of 1 mM.

Three-dimensional MDCK II cysts are prepared according to Elia 
and Lippincott-Schwartz’ protocol [23]. Gel solutions based on 
other ECM proteins, like Matrigel™, can also be used (see Notes 
2, 3, and 4).

 1. L-alanyl-L-glutamine (Sustamine™) 200 mM solution: Store 
at −20 °C.

 2. Dissolve NaHCO3 to a concentration of 23.5 mg/mL in 
ddH2O, sterilize by filtration, and store at 4 °C.

 3. High-glucose Dulbecco’s modified Eagle’s medium (DMEM) 
10× without phenol red (see Note 5): Store medium at 4 °C 
and use within a few weeks.

 4. HEPES buffer solution: 1 M, pH 7.6.
 5. Collagen I, Rat Tail, 100 mg solution (liquid in 0.02 N acetic 

acid, concentration range 3–4 mg/mL): Store at 4 °C.
 6. Collagen gel: Use precooled pipette tips and tubes, and keep 

all solutions on ice. Under sterile conditions, dilute 10× 
DMEM to a final concentration of 1×, L-alanyl-L-glutamine 
to a final concentration of 24 mM, HEPES to a final concen-
tration of 20 mM and NaHCO3 to a final concentration of 
2.35 mg/mL. Dilute collagen to a final concentration of 2 
mg/mL in this solution, and add ice-cold ultrapure water to 
adjust to desired volume (see Note 6).

 1. Matrigel® basement membrane matrix: Work under sterile 
conditions; use only precooled pipette tips and tubes. Keep 
all solutions on ice at all times. Aliquot Matrigel® and store 
at −20 °C.

 2. Matrigel® gel: Thaw for 2–12 h on ice at 4 °C. Continue 
working while using only precooled pipette tips and tubes, and 
keep all solutions on ice at all times.

3 Methods

 1. Seed MDCK II cells in a 6-well plate at a density of 1–4 × 104 
cells/mL in culture medium at 37 °C and 5 % CO2 and allow 
cultures to grow to 70–80 % confluence (see Fig. 1a). 1.5 mL 
medium is required per well.

 2. To subculture the cells, wash with DPBS (without MgCl2 and 
CaCl2) and treat culture with trypsin-EDTA solution at 37 °C 
for 3 min. Inactivate trypsin with culture media, collect the 

2.3 Three- 
Dimensional Cyst 
Formation

2.3.1 Collagen Type I Gel 
Solution

2.3.2 Matrigel® Gel 
Solution

3.1 Two-Dimensional 
Culture
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cells, centrifuge at 300 × g for 5 min, resuspend in culture 
medium at a density of 1–4 × 104 cells/mL, and seed in wells.

 1. Coat the bottom of each 8-well cover-glass slide (Nunc™ Lab- 
Tek™ II) with 45 μL gel solution and incubate for 30 min at 37 °C.

 2. Resuspend GLUT2–mCherry-expressing MDCK II cells with 
an ice-cold gel solution at a density of 3–4 × 104 cells/mL.

 3. Add 125 μL gel–cell mixture to each pre-coated well and incu-
bate for 60 min at 37 °C and 5 % CO2. Final cell concentration 
is 1250 cells/well.

 4. Add MDCK II culture medium and incubate at 37 °C, 5 % 
CO2, for 4–21 days (see Notes 3 and 4), with daily media 
changes, until mature cysts with a single central lumen are vis-
ible. At first, tightly adherent spheroids will form and later on 
a single central lumen will develop, via membrane separation 
and apoptosis [24] (see Fig. 1b).

We developed imaging methods that can easily be applied to both 
two- and three-dimensional cell cultures. Imaging of three- 
dimensional cell cultures is performed by confocal z sectioning 
using solid-state lasers (405 nm and 555 nm for Hoechst 33342 
stain and GLUT2–mCherry, respectively, see Note 7). Visualization 
is performed at high magnification, using C-Apochromat 40× 
water immersion objective. Imaging in two-dimensional cultures 
can be performed using either confocal or epifluorescence micros-
copy, and can be done using a standard 20× air objective.

 1. Remove the MDCK II culture medium and gently wash with 
DPBS.

 2. Preincubation: Add low-glucose solution and incubate at 
37 °C, 5 % CO2, for 1 h (see Note 8). For testing alteration of 
translocation by different compounds, use the steps in Option 
2 instead; see Subheading 3.3.2.

 3. Add Hoechst to the wells no more than 30 min before the end 
of the preincubation (see Note 9).

 4. Image time point 0 using the chosen method. Both red and 
blue channels should be visualized.

 5. Set the microscopy software to time series mode.
 6. Induction of translocation: Gently remove the preincubation 

low-glucose solution and replace with the high-glucose assay 
solution (see Note 10). For testing alteration of translocation 
by different compounds, use the steps in Option 2 instead; see 
Subheading 3.3.2.

 7. Start the imaging immediately, and image the cells every minute. 
If time series option is not available, image manually.

3.2 Three- 
Dimensional Polarized 
Cyst Culture

3.3 Live Imaging 
of GLUT2 Translocation

3.3.1 Low- to High- 
Glucose- Induced 
Translocation: Option 1
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Alternative stages for testing alteration of translocation by different 
compounds.

Alternative preincubation:

 1. Add low-glucose solution and incubate at 37 °C, 5 % CO2, for 
1 h (see Note 11).

 2. Add the compound of choice diluted in preincubation 
low- glucose solution at the desired final concentration (e.g., 
phloretin) into the wells (see Note 8). Counterstain with 
Hoechst as described above. Incubate for another 30 min (see 
Notes 9 and 11).

 3. Prepare the high-glucose assay solution that would be used to 
induce translocation by diluting the compound of choice (e.g., 
phloretin) to the desired final concentration into the high- glucose 
solution (see Note 12).

3.3.2 Low- to High- 
Glucose- Induced 
Translocation: Option 2

Fig. 1 Visualization of MDCK II cultures. (a) Two-dimensional culture at 70–80 % confluence. Imaging at the 
edge of the colony is recommended. The cells in the center are more crowded and less spread out, and so it 
may be difficult to clearly distinguish between the plasma membrane and the perinuclear regions. Scale 
bar = 100 µm. (b) Three-dimensional cyst formation process. Three-dimensional spheroid with no lumen 
visible (left). Three-dimensional spheroid with a premature lumen (middle). A cyst with a single, mature, 
lumen visible (right). Scale bar = 50 µm

Tracking GLUT2 Translocation by Live-Cell Imaging
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Alternative induction of translocation:
 4. Gently remove the preincubation low-glucose solution and 

replace with the high-glucose assay solution, already contain-
ing desired inhibitor (see Note 10).

 1. Remove the MDCK II culture medium and gently wash with 
DPBS.

 2. Preincubation: Add high-glucose solution and incubate at 
37 °C, 5 % CO2, for 1 h (see Note 8). For testing alteration of 
translocation by different compounds, use the steps in Option 
2 instead; see Subheading 3.3.4.

 3. Add Hoechst to the wells no more than 30 min before the end 
of the preincubation (see Note 9).

 4. Image time point 0 using the chosen method. Both red and 
blue channels should be visualized.

 5. Set the microscopy software to time series mode.
 6. Induction of translocation: Gently remove the preincubation 

high-glucose solution and replace with the low-glucose assay 
solution (see Note 10). For testing alteration of translocation 
by different compounds, use the steps in Option 2 instead; see 
Subheading 3.3.4.

 7. Start the imaging immediately, and image the cells every min-
ute. If time series option is not available, image manually.

Alternative stages for testing alteration of translocation by different 
compounds.

Alternative preincubation:

 1. Add high-glucose solution and incubate at 37 °C, 5 % CO2, for 
1 h (see Note 11).

 2. Add the compound of choice diluted in preincubation high- 
glucose solution at the desired final concentration (e.g., phloretin) 
into the wells (see Note 8). Counterstain with Hoechst as described 
above. Incubate for another 30 min (see Notes 9 and 11).

 3. Prepare the low-glucose assay solution that would be used to 
induce translocation by diluting the compound of choice (e.g., 
phloretin) to the desired final concentration into the low- 
glucose solution (see Note 12).

Alternative induction of translocation:

 4. Alternative induction of translocation: Gently remove the 
preincubation high-glucose solution and replace with the 
low- glucose assay solution, already containing desired inhibitor 
(see Note 10).

3.3.3 High- to Low- 
Glucose- Induced 
Translocation: Option 1

3.3.4 High- to Low- 
Glucose- Induced 
Translocation: Option 2
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In two-dimensional cultures, we quantify the internalization 
dynamics of GLUT2 from plasma membrane to the perinuclear 
region or the externalization in the opposite direction, by measur-
ing and comparing mCherry fluorescence at both regions through-
out the time series, normalized to the counter-stain fluorescence. 
In three-dimensional cysts we quantify basal-apical or apical-basal 
translocation of GLUT2, by measuring and comparing levels of 
mCherry fluorescence at the basal (external membrane of the cyst) 
vs. apical (internal membrane of the cyst) membrane at any given 
time (see Note 13).

 1. Select your region of interest (ROI) (perinuclear region or 
plasma membrane) and measure the fluorescence intensity of 
both mCherry and counter-stain (see Fig. 2a).

3.4 Calculations 
and Quantification

3.4.1 Time Series

Fig. 2 Live microscopy of MDCK II two-dimensional culture. (a) Two time points 
(0 and 26 min) from time-lapse imaging of GLUT2 internalization in response to 
high-glucose exposure. Arrows indicate a region of interest (ROI) enlarged in the 
insert. Rectangles elaborate selection of ROIs. PM plasma membrane, PN 
perinuclear. Scale bar = 10 μm. (b) Representative measurement of normalized 
GLUT2-mCherry fluoresce intensity in perinuclear (blue) or plasma membrane 
(red) regions, during high-glucose exposure. Arrow indicates plateau resembling 
the end of the internalization process [22]

Tracking GLUT2 Translocation by Live-Cell Imaging
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 2. Make sure that in all subsequent time points your ROI corre-
sponds to its time 0. If the cells moved during the experiment 
manually move and correct the location of your ROI.

 3. Calculate the ratio between the mCherry and the counter-stain 
fluorescence at any given location and time point. Plot the 
ratio against the time. Where the graph reaches a plateau is the 
end time point of the translocation (see Fig. 2b). At least three 
experimental repeats are required.

 1. Choose one cell from the imaged cyst. The membrane on the 
external side of cyst is the basal membrane while the mem-
brane that encloses the internal lumen is the apical membrane. 
Create a cross-section fluorescent profile through the cell 
between the membranes (see Fig. 3a and see Note 14).

 2. Measure the fluorescence intensity of both mCherry and 
counter- stain along the profile. Repeat for all desired time points.

 3. Plot the intensity against the distance at all time points (see 
Fig. 3b). Align the graphs so that the nuclear counter-staining 
of different time points overlaps. Compare GLUT2 localization 
between time points, to analyze its dynamics.

Fluorescence recovery after photobleaching (FRAP) is a method for 
determining the kinetics of diffusion through tissue or cells. This 
technique is very useful in biological studies of cell membrane dif-
fusion and protein binding. To further assess a chosen compound’s 
effect of GLUT2 mobility and translocation, FRAP analyses of bidi-
rectional induced translocation can be performed. Analyses can 

3.4.2 Localization

3.4.3 FRAP 
Compartment Motility 
Analysis

A B

Fig. 3 Live microscopy of MDCK II three-dimensional culture. (a) Confocal section 
of MDCK II cyst shows both basal and apical localization of GLUT2, in response 
to high glucose. Under low-glucose conditions, GLUT2 is only basally localized. 
Dashed line indicates profile through a cell. Scale bar = 10 μm. (b) Quantification 
of the fluorescence of GLUT2-mCherry and the counter-staining along the cellular 
cross section, marked by dashed line in A. Fluorescence intensity plotted vs. 
distance reveals the location of the nucleus within the cell (counter-stained with 
Hoechst), and GLUT2 accumulation in the apical and basal membranes [22]
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include different cellular regions, as required. Our FRAP experi-
mental setup was designed according to Nissim- Rafinia and 
Meshorer [25]. Experiments are performed as follows:

 1. Use a two-dimensional culture. Prepare the culture as described.
 2. Select your ROI (perinuclear region or plasma membrane) and 

program your FRAP software as previously described [25]. 
The program should measure a few control regions of mCherry 
 fluorescence intensity, perform photobleaching using 100 % 
laser intensity, and sequentially continue measuring the 
fluorescence intensity of mCherry.

 3. Plot the fluorescence intensity against time and calculate the 
mobile fractions as previously described: The mobile fraction is 
the fraction of fluorescence that was bleached and then recov-
ered; the immobile fraction is the unrecovered fraction (see 
Fig. 4).

4 Notes

 1. Phenol red is known to be a weak estrogen [26]. Make sure to 
work with phenol red-free basal medium.

 2. Any other gel that enables growth of cysts can be used (e.g., 
GelMA).

Fig. 4 FRAP analysis of GLUT2-mCherry fusion protein, in plasma membrane 
regions, after incubation with high glucose. The mobile and immobile fractions 
are marked in orange and purple, respectively. Maximal, minimal, and recovery 
fluorescence levels are marked on the graph. Also shown is the method for cal-
culation of the mobile and immobile fractions and relies on the equations in [22]

Tracking GLUT2 Translocation by Live-Cell Imaging
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 3. Rat Tail Collagen is cheaper to use though it has several 
 drawbacks. HEPES and NaHCO3 are required during the 
work with collagen, as they are used to titrate the acidic col-
lagen solution to enable gelling. Collagen concentration may 
require optimization because minute changes in collagen con-
centration can induce formation of three-dimensional struc-
tures other than hollow cysts, including tubules [27]. When 
using collagen gel, single-lumen cysts are expected to develop 
after 1–3 weeks.

 4. Matrigel® is much easier to handle, though it is more expensive. 
When using Matrigel®, single-lumen cysts are expected to 
develop after 4–12 days.

 5. Phenol red medium interferes with imaging due to autofluo-
rescence [28].

 6. Gel solution must be freshly prepared and kept cold until used, 
to prevent premature gelling.

 7. For imaging three-dimensional cultures it is best to find a fully 
polarized cyst with a single lumen (cyst with multi-lumens 
may not exhibit fully polarized epithelial characteristics). Find 
such a cyst and scan the z-axis for a confocal plane with good 
focus and visibility. Continue imaging this layer. Hence, it is of 
extreme importance when working with three-dimensional 
cultures, to cause as little disturbance as possible in order to 
maintain focal location.

 8. If using a different cell type rather than MDCK II, the trans-
location process may be temporally different. Preincubation 
should be optimized for clear GLUT2 distribution between 
compartments under each condition. For the “inhibition” 
method—inhibitor can be added only after localization equi-
librium is established.

 9. Hoechst binds the DNA directly, thus interfering with DNA 
replication and cell cycle, affecting the viability of the cells 
over time, while possibly inducing apoptosis due to phototox-
icity [29].

 10. Medium change should be performed causing minimal distur-
bance as to stay at the exact point of time 0 imaging. Region 
of choice should enable focusing on the subcellular compart-
ments as the membrane and the perinuclear area.

 11. Preincubation is required to enable starting the experiment 
with GLUT2 localized to the cellular region of choice (plasma 
membrane/perinuclear region; apical/basal membranes). 
Only then putative inhibitor can be added for preincubation. 
Preincubation with inhibitor is required to ensure inhibition, 
as some of the translocation processes are very rapid and in 
cases of slower process of inhibition it might not be observed 
after changing to assay solution [22].

Sabina Tsytkin-Kirschenzweig et al.
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 12. Diluting the compound of choice into the assay solution after 
preincubation, ensures inhibition under assay conditions, and 
prevents dilution of the putative inhibitor from the preincuba-
tion stage.

 13. Both time series and localization measurements are required 
in order to describe the dynamics. Localization measurements 
are required to deduce the directionality of the process while 
time series analysis reveals its kinetics.

 14. A cross section of fluorescence profile through the cyst can be 
taken by measuring fluorescence of two cells and the lumen 
between them, thereby showing both basal and apical 
surfaces.
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Chapter 19

GLUT2-Expressing Neurons as Glucose Sensors 
in the Brain: Electrophysiological Analysis

Gwenaël Labouèbe, Bernard Thorens, and Christophe Lamy

Abstract

Brain glucose sensing plays an essential role in the regulation of energy homeostasis. Recent publications 
report that neurons expressing glucose transporter GLUT2 act as glucose sensors in different regions of 
the brain and contribute to the control of glucose homeostasis and feeding behavior. In this chapter we 
describe the methods used to explore glucose sensing in genetically tagged GLUT2-expressing neurons 
with slice electrophysiology.

Key words GLUT2, Glucose sensing, Electrophysiology, Whole-cell, Juxtacellular, Neurons, NTS, 
PVT, Mice

1 Introduction

Glucose-sensing mechanisms underlie crucial physiological functions 
such as glucose homeostasis or homeostatic and hedonic control of 
feeding [1, 2]. Cells capable of sensing variations in glucose levels have 
been described in several organs notably in pancreas and in the brain. 
In the pancreas, β-cells detect blood glucose variations via a metabolic 
signaling pathway, initiated by the uptake of glucose by the glucose 
transporter GLUT2 (encoded by the SLC2A2 gene); genetic inactiva-
tion of GLUT2 in β-cells prevents glucose-stimulated insulin secretion 
[3]. More recently, GLUT2-expressing neurons have been identified 
in the brain and were found to exhibit glucose-sensing capability. In 
particular, we have recently identified GLUT2-expressing neurons in 
the nucleus of the solitary tract of the brainstem (NTS), dissected their 
glucose-sensing mechanism, and discovered their role in the glycemic 
counter-regulation [4]. Furthermore, we studied GLUT2 neurons of 
the paraventricular nucleus of the thalamus (PVT) that are activated by 
hypoglycemia and, by interacting with the reward system, increase 
motivated sucrose feeding behavior [5]. Together with other studies 
[6], there is now considerable evidence for an important role of 
glucose-responsive neurons in physiological control.
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In this chapter, we are detailing the techniques we recently used 
to characterize glucose-sensing neurons by in vitro electrophysio-
logical approaches. These methods involve preparing acute brain 
slices from transgenic mouse brains, identifying the neurons tagged 
with fluorescent proteins by epifluorescence microscopy, and record-
ing their electrical activity by the patch-clamp analysis. Changes in 
extracellular glucose concentrations and pharmacological interven-
tions are used to demonstrate glucose sensing and its mechanisms. 
We indicate two possible recording methods depending on the cell 
type being recorded. These techniques are applied to the study of 
GLUT2-positive neurons but can be transposed to any neuronal 
population of interest in which glucose sensing has to be tested.

2 Materials

Prepare solutions with purified deionized water (ddH2O; 18.2 MΩ.cm 
resistivity at 25 °C). All reagents are purchased from Sigma-Aldrich 
unless otherwise mentioned and stored and used at room temperature. 
All concentrations indicated below refer to final concentrations in 
working solutions. Clean laboratory gloves are used during all proce-
dures involving the manipulation of animals and biological tissues. 
Tools are carefully cleaned and disinfected for brain slice preparations.

 1. Prepare in advance a 10× concentrated aCSF stock solution 
containing salts at the following final concentrations: 125 mM 
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 1 mM MgCl2.

 2. In a 2 L sterile storage bottle add approximately 1.5 L of 
ddH2O, and add the salts one by one while stirring using a 
magnetic bar until complete dissolution.

 3. Bring to a final volume of 2 L by completing the volume 
with ddH2O.

 4. Store the 10× aCSF stock solution in a cold room at 4 °C. The 
stock solution can be stored at 4 °C for up to 1 month.

 5. On the day of experiment, prepare experimental aCSF 
solution.

 6. Place 200 mL of the 10× aCSF stock solution in a 2 L bottle.
 7. Add 1.8 L of ddH2O, 2 mL of 2 M CaCl2, 26 mM NaHCO3, 

and 12.5 mM sucrose (final concentrations). Continuously 
agitate on a stir plate.

 8. Split the solution by pouring 1.3 L, 500 mL, and 200 mL in 
three different containers.

 9. To those solutions, add glucose powder to obtain a final con-
centration of 5 mM, 0.5 mM, and 10 mM, respectively, and 
stir until complete dissolution (see Note 1).

2.1 aCSF Preparation

Gwenaël Labouèbe et al.
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 1. Prepare intra-pipette stock solution by pouring 50 mL of 
ddH2O in a 50 mL Falcon tube and add one by one, at the 
following final concentrations, potassium gluconate 130 mM, 
HEPES 10 mM, EGTA 0.2 mM, NaCl 5 mM, MgCl 1 mM, 
10 mM Na-phosphocreatinine while stirring until complete 
dissolution (see Note 2).

 2. Bring pH up to 7.5–7.6 by adding drops of a 1 M KOH 
solution.

 3. Check osmolarity using an osmometer (e.g., Gonotec). To 
adjust osmolarity, add 1 mL of ddH2O, stir the solution, and 
test osmolarity. Repeat until reaching a final osmolarity of 
275 ± 5 mOsm. The stock solution can be stored at 4 °C for 
up to 3 months (see Note 3).

 4. To make the intra-pipette working solution, place 10 mL of 
the intra-pipette stock solution in a 15 mL Falcon tube.

 5. Add 4 mM MgATP and 0.5 mM Na2GTP (final concentrations).
 6. Vortex the tube until complete dissolution of the powder and 

adjust pH to 7.3 with drops of 1 M KOH solution.
 7. Prepare aliquots of 300 μL in sterile 1.5 mL Eppendorf tubes 

and store at −20 °C for maximum 3 months.
 8. Thaw one aliquot on each experiment day and keep it on ice all 

time (see Note 4).
 9. If post-recording morphological recovery is wanted, 0.5 % w/v 

biocytin is added to the intra-pipette solution just before the 
experiment.

 1. Prepare recording pipettes using borosilicate glass capillaries: 
1.5 mm outer diameter, 0.86 mm inner diameter, 7.5 cm long 
(Warner Instruments) and shape them using a horizontal pipette 
puller equipped with a 2.5 mm square box filament (Sutter 
Instrument).

 2. Design a pulling program to obtain pipettes with a resistance 
ranging from 3 to 5 MΩ. For that, please refer to the Sutter’s 
pipette cookbook to learn how to set and adjust the puller 
parameters for appropriate pipette shape and size.

 3. Prepare the pipettes each day before the experiment and store 
them carefully in a closed container to keep them clean and dust 
free.

 1. Vibrating blade microtome (e.g., Leica).
 2. Anesthesia induction chamber filled with air containing 5 % 

isoflurane.

2.2 Intra-Pipette 
Solution Preparation

2.3 Pulling 
Recording Pipettes

2.4 Slice Preparation 
Tools

Glucose Sensing in GLUT2 Neurons
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 3. Dissection tools (see Fig. 1): Large sharp surgical scissors, small 
surgical scissors, fine-tip tweezers, double-ended spatulas, razor 
blade, 60 mm plastic lidded Petri dish, 70 mm filter paper, plastic 
Pasteur pipette.

 4. Cyanoacrylate glue (UHU).

 1. Prepare a holding chamber for the slices to recover after brain 
sectioning. This chamber consists of 80 mm round Tupperware-
like container with its cover replaced by a plastic tea strainer to 
hold the slices (see Fig. 2H).

 2. Fill it with aCSF solution containing 5 mM glucose, place it in 
a water bath warmed up at 32 °C, and keep it constantly oxy-
genated with 95 % O2/5 % CO2.

 1. Experiments are performed using an upright epifluorescence 
microscope mounted on a motorized stage and coupled to 
micromanipulators (Sutter instruments).

 2. Brain slices are placed in a recording chamber (see Fig. 3) and 
continuously superfused at a rate of 2 mL/min with oxygen-
ated ACSF maintained at 32–34 °C.

 3. Electrophysiological recordings are done with a MultiClamp 
700B amplifier and acquired with a Digidata 1440A analog/
digital interface operated by a pClamp 10 data acquisition soft-
ware (Molecular Devices).

2.5 Slice-Holding 
Chamber

2.6 Electrophysiology 
 Rig

Fig. 1 Tools and pieces of equipment required for brain dissection and acute slice preparation. (A) Large surgi-
cal scissors; (B) scalpel blade; (C) fine-tip tweezers; (D) fine surgical scissors; (E) flat and curved spatulas; (F) 
plastic petri dish; (G) round filter paper; (H) cyanoacrylate glue; (I) plastic Pasteur pipette; (J) cut Pasteur 
pipette; (K) slicing chamber; (L) sample plate; (M) razor blade

Gwenaël Labouèbe et al.
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Fig. 2 Vibrating microtome slicing chamber/slice-holding chamber. (A) Slicing chamber; (B) crushed ice; (C) 
razor blade; (D) blade holder; (E) air inlet for chamber oxygenation; (F) sample plate; (G) brain block; (H) holding 
chamber in water bath with tubing and bubbler for oxygenation

Fig. 3 Recording chamber setup. (A) Recording chamber; (B) slice hold-down 
(inset); (C) high-magnification (40×) water-dipping microscope lens; (D) patch 
pipette; (E) pipette holder; (F) perfusion tubing; (G) ground electrode; (H) tem-
perature probe

Glucose Sensing in GLUT2 Neurons
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3 Methods

All animal experiments need approval by appropriate authorities 
beforehand. The veterinary office of Canton de Vaud, Switzerland, 
approved our studies including all procedures presented (see Note 
5). We used 4–8-week-old Slc2a2Cre;Rosa26tdtomato male mice 
that were maintained on a C57BL/6 background as described pre-
viously [4, 7]. Those mice were designed to express a reporter gene 
(tdtomato) in a cre-dependent manner in GLUT2 (Slc2a2)-positive 
neurons. Using this approach, GLUT2-positive neurons, exhibiting 
tdtomato red fluorescence, can be visualized and targeted specifically 
in brain tissue. Animals were collectively housed (maximum five 
individuals per cage) on a 12-h light/dark cycle (lights on at 7 am) 
and fed with a standard chow (Diet 3436, Provimi Kliba AG).

 1. Acute brain slices containing the brain area of interest are 
obtained using a vibrating blade microtome (e.g., Leica).

 2. Cool down the cutting solution previously by placing it in a 
−20 °C freezer for at least 1 h or in a −80 °C freezer for about 
20 min (see Note 6).

 3. Fill the microtome slicing chamber (see Fig. 2A−G) with the cut-
ting solution and start oxygenating with 95 % O2/5 % CO2 (see 
Note 7).

 4. Place crushed ice in the space surrounding the sample chamber 
to maintain the cutting solution cold enough (around 4 °C) 
throughout the slicing procedure.

 5. Prepare the tools for the brain dissection.
 6. Prepare a slice-holding chamber (see Fig. 2H), fill with room-

temperature 5 mM aCSF, and bubble with 95 % O2/5 % CO2. 
Place in a water bath set at 32 °C.

 1. Place a 4–8-week-old male mouse in an anesthesia induction 
chamber filled with air containing 5 % isoflurane. Wait a minute 
to let the animal fall into unconsciousness. Decapitate the mouse 
by sectioning the neck using a pair of large sharp surgical scis-
sors. Place the head on a sheet of paper to absorb the excess of 
blood.

 2. Expose the skull by cutting the skin along the sagittal axis of 
the head starting between the eyes and straight to the neck. 
Use two fingers to maintain and stretch the skin laterally while 
you cut.

 3. Localize the hole in the occipital bone of the skull (foramen 
magnum) from where the spinal cord emerges. Insert the 
lower tip of small surgical scissors in it and start cutting the 
cranial bone along the sagittal suture up to the far front end of 
the skull (see Note 9). Then cut along the lambdoid and coro-
nal transverse sutures (see Fig. 4A).

3.1 Preparing Acute 
Brain Slices

3.1.1 Tool Preparation

3.1.2 Brain Dissection 
(See Note 8)

Gwenaël Labouèbe et al.
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 4. Expose the brain by lifting the skull parts using fine-tip twee-
zers (Harvard Apparatus) and flip it backwards with the help of 
a small curved spatula.

 5. Cut the remaining adherences like the optic and cranial nerves 
with small scissors to fully release the brain from the skull.

 1. Once extracted from the skull, place the brain on a 60 mm 
plastic lidded Petri dish filled with ice and covered with a 
70 mm filter paper. Immediately soak with a few drops of cut-
ting solution to keep the brain wet by using a plastic Pasteur 
pipette.

 2. Cut a block of the brain according to the regions of interest 
(see Note 10, Fig. 4B–D) using a razor blade.

 3. Apply a small drop of cyanoacrylate glue in the middle of the 
microtome sample plate.

 4. Lift the brain block using two double-ended spatulas and 
ensure proper orientation before depositing it on the glued 
sample plate. Gently press on the brain block with the spatula 
to ensure its adhesion to the sample plate.

 5. Transfer the sample plate to the microtome’s sample chamber 
previously filled with the cold slicing solution.

 6. Set brain slice thickness to 200–250 μm, slicing speed to 
0.15 mm/s, and vibration frequency to 100 Hz. Determine the 

3.1.3 Cutting Brain 
Slices

PVT

Bregma - 0.46 mm

NTS

Lateral + 0.6 mm

B

F

E

D

CA Skull opening Brain extraction Brain block
preparation

Brain slicing

Fig. 4 Schematic representation of the brain dissection process. (A) Drawing describing the opening of the 
skull to expose the brain. Red lines show where to cut. (B) Dissection plans (red dashed lines) used to prepare 
brain blocks before acute brain slice preparation. The upper line delimits the first quarter of the forebrain while 
the lower line represents the transverse fissure between the forebrain and the brainstem/cerebellum. 
Schematic drawings describing brain block preparation before proceeding to brain slicing in order to obtain 
PVT-containing coronal slices (C) or NTS-containing parasagittal sections (D). Red dashed lines represent cut-
ting plans. Blue line represents the plane onto which the brain will be glued on. (E, F) Schematic representation 
of brain slice containing PVT or NTS, respectively. Adapted from [8]

Glucose Sensing in GLUT2 Neurons
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cutting window and the desired height of the blade before start-
ing to slice the brain. See device manual for further details.

 7. Start slicing the brain and collect each slice containing the area 
of interest one by one by aspirating it with a plastic Pasteur 
pipette (see Note 11). Transfer those slices from the micro-
tome’s sample chamber to the slice-holding chamber.

 8. Slices are maintained at 32 °C for at least 1 h in the holding 
chamber before electrophysiological recording to recover from 
the slicing procedure. They are then kept at room temperature 
until used for recording (see Note 12).

 1. Take a brain slice containing the area of interest out of the 
holding chamber with a plastic Pasteur pipette.

 2. Lay it down in the electrophysiological recording chamber 
continuously perfused with oxygenated aCSF.

 3. Place a slice hold-down made of platinum wire and nylon 
strings to prevent slice movement during recording.

 4. Locate the brain area of interest in transmitted light with a 
low-magnification objective (4×).

 5. Switch to a higher magnification water-dipping objective 
(40×) and start epifluorescence imaging to locate fluorescent 
neurons tagged with the mouse genetic reporter system of 
choice (tdtomato was used to identify GLUT2-positive 
neurons) (see Fig. 5A, see Note 13).

 6. Fill a recording pipette with intra-pipette solution (see Note 14).
 7. Secure recording pipette in the pipette holder and apply pres-

sure to the back of the pipette to avoid clogging the tip when 
moving the pipette down into the tissue.

 8. Return to the low-magnification objective to place the record-
ing pipette in the desired area and lower it toward the slice.

 9. Go back to the high-magnification objective to finish lowering 
the pipette into the slice.

 10. Bring the pipette close to the selected neuron and check before 
going further that it is fluorescent (see Note 15).

 11. Set the amplifier to voltage clamp with a zero voltage com-
mand and start the seal test.

 1. Approach the tip of the pipette toward the neuron until it 
touches it and a dimple forms in the membrane (see Fig. 5B).

 2. Zero the recorded current and release the pressure from the 
pipette.

3.2 Recording 
Neuronal Glucose 
Response

3.2.1 Setting Up Brain 
Slices and Identifying 
Target Cells

3.2.2 Approach 1: 
Whole-Cell Recording
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Fig. 5 Typical recordings from glucose-sensing neurons. (A) Confocal images of tdtomato-tagged 
GLUT2 neurons in NTS (scale bar: 50 μm). (B) GLUT2 neuron being recorded by whole-cell patch clamp with 
a glass pipette (red: tdtomato, grey: infrared DIC image, white dashed line: outline of the glass pipette, scale 
bar: 10 μm). (C) Voltage trace recorded in the whole-cell configuration from a NTS GLUT2 neuron under differ-
ent extracellular glucose concentrations. Low glucose (0.5 mM) induced a depolarization and an increase in 
firing rate. (D) Voltage trace recorded with the juxtacellular approach from a PVT GLUT2 neuron showing an 
increase in firing rate at low glucose concentration (0.5 mM)
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 3. Change the voltage command to negative (typically −70 mV).
 4. Wait until a giga-ohm seal forms with resistance >1 GΩ (see 

Note 16).
 5. Short suction pulses are applied at the back of the pipette to 

break through the neuronal membrane (see Note 17).
 6. Start the membrane test and note the basic cell properties and 

recording parameters (see Note 18).
 7. Switch to the current clamp mode with zero current injection. 

Note the resting membrane potential value (Vm). Wait for 
10–15 min for the recording to stabilize (see Note 19).

 8. A series of recording protocols are done sequentially under 5 
and 0.5 mM glucose-containing aCSF to test neurons’ response 
to glucose: continuous recordings of Vm and the input resistance 
(Rinput) in current clamp mode for at least 5 min at baseline 
5 mM glucose, 8 min after switching to 0.5 mM glucose, and 
8 min after returning to 5 mM glucose. A small hyperpolarizing 
step is added periodically (e.g., every 5 s) on top of the continu-
ous Vm recording to monitor Rinput (see Fig. 5C, see Note 20). 
Step protocols done at the end of each of the continuous record-
ing periods in either voltage or current clamp mode to record 
additional parameters such as the current-voltage relationship, 
the current-firing frequency curve, or the rheobase.

 9. After recording, slices are removed from the recording cham-
ber and fixed with PFA to recover the cell’s morphology with 
fluorescent staining against biocytin (see Note 21).

 1. Perform all the steps of Subheading 3.2.1. Proceed with the 
following steps in order to perform juxtacellular/loose-patch 
recording.

 2. Approach the tip of the pipette toward the neuron but avoid 
touching the membrane (see Note 23).

 3. Zero the recorded current and release the pressure from the 
pipette.

 4. Apply slight suction steps at the back of the pipette until the 
input resistance reaches about 20 MΩ.

 5. Switch to the current clamp mode with zero current injection 
and look for the appearance of action potentials (see Note 24).

 6. Wait for 10–15 min for the recording to stabilize.
 7. Test neuron response to glucose by monitoring neuronal firing 

pattern before, during, and after a 10-min switch of extracel-
lular glucose concentrations from 5 to 0.5 mM (see Fig. 5D).

 8. Filter recorded traces using a high-pass filter with a 10 Hz 
cutoff. Action potentials are then counted using a spike counter 
tool (Molecular Devices, Clampfit software).

3.2.3 Approach 2: 
Juxtacellular/Loose-Patch 
Recording (See Note 22)
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4 Notes

 1. The 5 and 0.5 mM glucose solutions will be used to test 
glucose-sensing capability in neurons while the 10 mM glu-
cose solution will be used as a cutting solution to protect the 
brain during the brain sectioning process. The 10 mM glucose 
cutting solution is stored at −20 °C for at least 1 h before 
brain slicing in order to obtain an ice-cold slushy solution. 5 
and 0.5 mM glucose solutions are kept at room temperature 
and oxygenated using a homemade bubbler made of tubing 
attached to a 18-gauge needle and connected to a 95 % O2/5 % 
CO2 gas tank. Start oxygenating the solution at least 20 min 
before the beginning of the experiment.

 2. Prepare the intra-pipette solution in advance.
 3. Osmolarity of the intra-pipette solution should be lower (by 

about 10–20 mOsm, depending on the preparation and cell 
type) than the one of the aCSF used for recording.

 4. The intra-pipette solution should be kept on ice to prevent the 
hydrolysis of ATP and GTP.

 5. All procedures involving animals should be performed according 
to local regulations for animal experimentation.

 6. The solution should be frozen enough to present a slushy 
aspect but not too much to avoid big pieces of ice.

 7. Start the oxygenation at least 5 min before introducing the 
brain in the cutting chamber.

 8. The brain extraction procedure should be executed as quickly 
as possible and should not last longer than a minute between 
the animal decapitation and the brain immersion in the slicing 
solution. Over a minute, brain slice quality can be 
compromised.

 9. To avoid damage of the brain maintain the tips of the scissors up 
while you slowly cut the cranial bone millimeter by millimeter.

 10. Blocking of the brain and orientation of the brain block on the 
sample plate will depend of the brain area and slice orientation 
required. Acute coronal brain slices were prepared to record 
from PVT while parasagittal slices were used to record from 
NTS (see Fig. 4E–F). For PVT coronal slices, the brain is cut 
along coronal plans to remove the brainstem and cerebellum 
on the caudal side (cut along the transverse fissure) and on the 
rostral side to remove the first quarter of the forebrain (see 
Fig. 4B). The remaining part of the forebrain is kept for slicing 
(see Fig. 4C). When placing the block on the sample plate, flip 
the brain up such that the coronal plane at the brainstem junc-
tion is facing down. Turn the sample plate in such a way that 
the dorsal part of block is facing the blade. For NTS sagittal 
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slices the brain is cut following the transverse fissure (see Fig. 4B, 
lower red line). Trimming the lateral parts of the cerebellum 
further blocks the caudal part containing the cerebellum and 
brainstem. The block is laid on its lateral side with the dorsal 
part facing the blade (see Fig. 4D).

 11. Use a Pasteur pipette that is cut at its end to avoid damage to 
slices (see Fig. 1J).

 12. The necessity and duration of the recovery period at high tem-
perature depend on the brain area of interest and on the age of 
the animal.

 13. It is essential to verify the specificity of the mouse genetic 
reporter system by checking that tagged neurons actually 
express the targeted molecular marker, e.g., by immunohisto-
chemistry or single-cell RT-PCR.

 14. To dispense the intra-pipette solution, use a 1 mL syringe con-
nected to a small-volume 0.2 μm syringe filter and pipet-filling 
tip. The latter can be made out of a plastic 200 μL pipette tip 
melted with a gas micro-torch or a lighter and elongated to form 
a very thin tip. Filtering the intra-pipette solution is a mandatory 
step to avoid pipettes to be obstructed by small debris.

 15. Avoid exposing the tissue to epifluorescence excitation light 
for long periods of time to reduce photobleaching and 
phototoxicity.

 16. Applying a slight suction at the back of the pipette might help 
form the seal.

 17. A lowering of the membrane resistance and appearance of 
large capacitive transients indicate that the breakthrough was 
successful and that the whole-cell configuration has been 
established.

 18. An access resistance >30 MΩ or a membrane resistance 
<100 MΩ usually indicates a poor-quality recording.

 19. A Vm >−50 mV or an unstable Vm over the 10 first minutes of 
recording indicates a neuron in poor health.

 20. Care should be taken to keep the hyperpolarizing steps small 
(<10 mV) to avoid generating hyperpolarization-induced 
currents (Ih).

 21. Post-recording morphological identification helps confirm the 
cells’ localization in the brain area of interest and contributes 
classification among neuronal subtypes.

 22. In some circumstances, when long-term recordings are diffi-
cult to obtain in whole-cell configuration (i.e., for some neuro-
nal populations), juxtacellular/loose-patch recordings can be 
used as an alternative technique to record neuronal response to 
glucose. This technique has the advantage to maintain the 
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cellular integrity since both the membrane and the intracellular 
milieu of the neuron remain unaltered. However, this tech-
nique is more limited than the whole-cell approach (described 
in Subheading 3.2.2) since the neuronal firing pattern is the 
only property that can be monitored.

 23. Keep a small distance between the pipette’s tip and the neuron 
to avoid the formation of a giga-ohm seal that will blunt the 
signal to be monitored.

 24. After a maximum of 2–3 min, action potentials should be 
detectable. If not, try to gently apply suction steps with increas-
ing suction strength until action potentials appear. If this is still 
inefficient try to record from another neuron. The lack of sig-
nal might be explained by either a lack of neuronal activity (i.e., 
silent neuron), an input resistance too high, or a too large dis-
tance between the pipet’s tip and the targeted neuron.
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