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Preface

Potassium channels are important regulators of membrane excitability, which in turn 
determines cellular function. They form a super-family of ion channels that are regulated 
by a diverse range of chemical and physical stimuli. In excess of 80 genes in the human 
genome encode pore-forming potassium channel subunits. Diversity is further enhanced 
by alternative splicing of subunit mRNA, heteromeric assembly between pore-forming 
subunits, or by association with accessory proteins. The basis of several inherited diseases 
lies in potassium channel gene mutations, and the pharmacological manipulation of 
potassium channel function is increasingly important as a strategy in the treatment of 
disease. This provides researchers with the challenge of developing tools and experimental 
procedures to probe potassium channel function and identify chemicals that modulate 
their behaviour.

We have progressed since the initial mid-twentieth century studies of delayed rectifier, 
anomalous rectifier, and leak potassium currents, and now ask questions such as “What 
does a potassium channel look like?”, “How do changes in membrane potential gate a 
potassium channel?”, or “Which proteins assemble to form a potassium channel complex 
in this particular cell?”. Many of these questions cannot be answered by electrophysi-
ological techniques alone, thus scientists have adopted techniques from other disciplines 
to assist their studies.

This volume describes a range of experimental approaches that have been developed 
to investigate potassium channel structure, function, pharmacology, cell biology, gene 
expression, and their role in disease. Many of these techniques study potassium channels 
as cellular proteins as well as the resultant membrane biophysics. They are proteins that are 
synthesised according to mRNA sequence, trafficked to the correct location in the cell at the 
appropriate time, interact with other protein components, change conformation following 
stimulation, all in addition to providing a conduit for potassium ions to cross membranes. 
Naturally, content covering the topic of ion channels would not be without electrophys-
iological techniques, but here they are focused on those that enable the study of intracellular 
 modulation, which is of particular importance to many potassium channels.

All investigators, including new researchers and discipline-hopping scientists, will 
benefit from this volume. Within the various chapters you will also find protocols for 
several standard laboratory techniques, such as cell culture, transfection, Xenopus oocyte 
preparation, Western blotting, and whole-cell patch clamp recording. Indeed, the techniques 
found in this book can be applied to the study of many other types of ion channel. There 
is an increasing trend to answer scientific questions using a wide range of approaches and 
it is hoped that the techniques outlined in this volume will help provide finishing touches 
to research projects or provide new avenues of investigation.

Leeds, UK Jonathan D. Lippiat
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Chapter 1

Identifying Transcriptional Regulatory Regions Using 
Reporter Genes and DNA–Protein Interactions by Chromatin 
Immunoprecipitation

Lezanne Ooi and Ian C. Wood

Summary

A comprehensive understanding of regulatory protein interactions with their target genes is fundamental to 
determining transcriptional networks and identifying important events in the regulation of gene expres-
sion. Here we describe how transcriptional regulatory regions are to be identified using luciferase assays 
(including the transfection of cells by Amaxa and lipid-based reagents) and how protein–DNA interac-
tions are to be characterised by chromatin immunoprecipitation (ChIP) coupled with quantitative PCR. 
Together these techniques provide a powerful combination for investigating potassium channel gene 
regulation.

Key words: Electroporation, Transient transfection, Luciferase assays, Chromatin immunoprecipitation, 
Quantitative PCR.

The transcription of potassium channel genes is highly regulated 
during development, resulting in unique expression profiles in 
different cell types. Dynamic changes in the transcription of some 
potassium channel genes are important in normal physiology 
(1) and also contribute to disease states (2, 3). Understanding 
how the expression of these genes is controlled will enhance our 
understanding of physiology, in addition to providing potential 
targets for novel therapeutics.

1.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
© 2008 Humana Press, a part of Springer Science + Business Media, Totowa, NJ
Book doi: 10.1007/978-1-59745-526-8
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4 Ooi and Wood

Proteins that bind DNA are major determinants of expression 
patterns and may have either a positive or negative effect on tran-
scription. The transcription rate of a particular gene in a specific 
cell is therefore dependent on the balance between activating and 
inhibiting transcription factors. Identifying the regulatory regions 
of genes and the proteins that are recruited to these sequences is 
thus crucial to our understanding of gene regulation. Reporter 
assays can provide a wealth of information on DNA sequences 
that are important for potassium channel gene regulation (4–7) 
but these assays have been limited by an inability to transfect 
some cell types, particularly primary cells. The development of 
transfection methods such as the Amaxa system has allowed efficient 
transfection of reporter genes to analyse promoter activity in cells, 
such as primary vascular smooth muscle cells, that were previously 
difficult to transfect. A huge improvement in our understanding 
of gene regulation has been mediated by reporter gene assays 
coupled with the direct measurement of the transcription factor 
occupancy of promoters. In the cell, the DNA is wrapped around 
histone proteins in a complex called chromatin and the study of 
the interactions of transcription factors with their target genes has 
been made possible by a technique termed chromatin immuno-
precipitation (ChIP) (8) (Fig. 1.1).

Fig. 1.1. Chromatin immunoprecipitation. Proteins are crosslinked to their chromatin binding sites in living cells, the 
chromatin is then sheared and divided. In one portion, a protein of interest is immunoprecipitated, along with its bound 
target DNA sequences. Other pools of chromatin are either subjected to a background immunoprecipitation or negative 
control (e.g. IgG), a positive control for immunoprecipitation (e.g. an antibody to the histone protein H3, that should 
be present at all sites) or do not undergo immunoprecipitation (representing input DNA). On reversal of the crosslinks and 
purification of the DNA, sequences of DNA that were bound by the protein of interest are more enriched than the same 
sequences in the negative control, as determined by quantitative PCR.
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Here we describe how to perform luciferase and ChIP assays 
that can be used to examine protein–DNA interactions in many 
cell types. We also show results for these experiments from our 
study of the regulation of the potassium channel gene KCNN4 
which encodes the KCa3.1 potassium  channel, by the transcrip-
tion factor Repressor Element 1-Silencing Transcription factor 
(REST) in vascular smooth muscle cells.

1. Cell culture medium: DMEM, 10% foetal calf serum, 2 mM 
glutamine, streptomycin (10 g/L) and penicillin (10 g/L); 
pre-warmed to 37°C

2. Trypsin/EDTA
3. Phosphate buffered saline (PBS)
4. 6-well cell culture plates
5. Haemocytometer
6. Polypropylene centrifuge tubes, 50 ml
7. Nucleofector kit (Amaxa)
8. Electroporator (Amaxa)
9. Plasmid DNA

1. Cell culture medium: DMEM, 10% foetal calf serum, 2 mM 
glutamine, streptomycin (10 g/L) and penicillin (10 g/L); 
pre-warmed to 37°C

2. Serum free media (e.g. Opti-MEM (Invitrogen) )
3. Lipid transfection reagent (e.g. Lipofectamine with Plus rea-

gent (Invitrogen) )
4. 24-well cell culture plates
5. PBS
6. Sterile, round bottomed 14 ml centrifuge tubes
7. Plasmid DNA

1. PBS
2. Microtitre, 96-well plates or single luminometer tubes
3. Dual luciferase assay kit (Promega)
4. Luminometer

1. Cell lysis buffer (CLB): 10 mM Tris–HCl pH 8.0, 10 mM 
NaCl, 0.2% NP-40, 10 mM sodium butyrate, 1× “Mini 
Complete” protease inhibitors tablet (Roche). Add a fresh 
protease inhibitor tablet and then keep the buffer on ice.

1.2. Materials

1.2.1. Electroporation 
Using Amaxa

1.2.2. Transfection 
with Lipid-Based 
Reagents

1.2.3. Luciferase 
Assays

1.2.4. Chromatin 
Immunoprecipitation 
and Quantitative PCR
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 2. Formaldehyde solution (37%; toxic – use in fume cupboard).
 3. 2 M Glycine.
 4. Phosphate buffered saline (PBS).
 5. Nuclear lysis buffer: 50 mM Tris–HCl pH 8.1, 10 mM EDTA, 

1% SDS, 10 mM sodium butyrate, 1× “Mini Complete” pro-
tease inhibitor tablet (Roche). Add a fresh protease inhibitor 
tablet and then keep the buffer on ice.

 6. IP dilution buffer (IPDB): 20 mM Tris–HCl pH 8.1, 150 mM 
NaCl, 2 mM EDTA, 1% Triton X-100, 0.01% SDS, 10 mM 
sodium butyrate, 1× “Mini Complete” protease inhibitor tablet 
(Roche). Add a fresh protease inhibitor tablet and then keep 
the buffer on ice.

 7. Glass test tube (for sonication). We use a tube with the fol-
lowing dimensions: 7.5-cm length, 1-cm diameter.

 8. Normal rabbit IgG.
 9. Antibody to your query DNA binding protein (e.g. anti-REST).
10. Anti-H3 antibody.
11. Protein G-Sepharose.
12. IP wash buffer 1: 20 mM Tris–HCl pH 8.1, 50 mM NaCl, 

2 mM EDTA, 1% Triton X-100, 0.1% SDS. Cool on ice 
before use.

13. IP wash buffer 2: 10 mM Tris–HCl pH 8.1, 250 mM LiCl, 
1 mM EDTA, 1% NP-40, 1% deoxycholic acid. Cool on ice 
before use.

14. TE pH 8.0: 10 mM Tris–HCl pH 8.0, 1 mM EDTA. Cool 
on ice before use.

15. IP elution buffer: 100 mM NaHCO3, 1% SDS.
16. RNase A: 10 mg/ml.
17. 5 M NaCl.
18. Proteinase K: 10 mg/ml stock.
19. tRNA: 5 mg/ml stock.
20. 1:1 Phenol/chloroform.
21. Chloroform.
22. Glycogen: 1 mg/ml.
23. 3 M Sodium acetate, pH 5.2.
24. Ethanol.
25. HPLC grade water.
26. Biorad iQ supermix.

 1. Bandelin Sonoplus sonicator
 2. iCycler iQ PCR system

1.2.5. Equipment
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The Amaxa technology has greatly enhanced the number of cell 
types that are amenable to transfection and increased the efficiency 
with which cells can be transfected. This is particularly true of 
primary cells, such as vascular smooth muscle cells, which are refrac-
tory to transfection by other means. (Before designing a transfection 
experiment, see Note 1.)
 1. Prepare 6-well plates by adding 1 ml of cell culture medium 

to each well and place in a 37°C incubator.
 2. Pre-warm Nucleofector solution to room temperature.
 3. Remove the flasks of cells from the incubator and aspirate 

the media.
 4. Wash the cells with 10 ml of PBS.
 5. Add 1 ml of trypsin/EDTA to the cells and return to the 

incubator until the cells detach from the plate (approximately 
2–5 min, depending on the cell type).

 6. Add 10 ml of the media containing serum to each flask to 
inactivate the trypsin and transfer the cells to a 50 ml centrifuge 
tube.

 7. Make a note of the final volume and remove a drop of the 
cell suspension to count the cell number in the haemocy-
tometer.

 8. Maintain centrifuge tubes at 100×g for 5 min to pellet cells.
 9. Whilst the cells are centrifuging, count the cells using the aliquot 

removed in step 6 and determine the total cell number in the 
centrifuge tube.

10. Also prepare a tube containing DNA (see Note 2) for each 
transfection to be carried out. Aliquot 3 µg of the promoter-
firefly luciferase plasmid and 12 ng of the pRL-CMV control 
plasmid. The total volume of DNA should not exceed 5 µl.

11. After centrifugation, aspirate the supernatant and re-suspend 
the cells in the Nucleofector solution to a final concentration 
of 5 × 106 cells/ml.

12. Concentrating on one tube at a time, add 100 µl of cell sus-
pension to the DNA.

13. Pipette the cell suspension/DNA mixture into an Amaxa 
certified cuvette.

14. Select the appropriate Nucleofector programme, insert the 
cuvette into the electroporator and begin the electroporation 
by pressing the X button.

15. Immediately remove the cuvette and add 500 µl of the pre-
warmed cell culture media.

1.3. Methods

1.3.1. Electroporation 
Using Amaxa
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16. Add 200 µl of cell suspension to each of the 3 wells in a 6-well 
plate containing 1 ml of the pre-warmed culture media from 
step 1.

17. Repeat steps 11–15 for each DNA transfection.
18. Incubate the cells at 37°C in a humidified incubator in 5% 

CO2 for 24–48 h.
19. Harvest the cells and perform luciferase assays as described 

in Subheading 1.3.3.

Lipid-based transfection methods have several advantages over the 
Amaxa system in that first, they do not require any specialist equip-
ment; they can be carried out in most laboratories equipped for cell 
culture and second, they are generally less toxic to the cells than 
electroporation. Many currently used cell lines are amenable to trans-
fection with lipid-based reagents, often allowing high transfection 
efficiencies to be achieved. There are many different lipid-based 
transfection reagents currently available and some of these require 
specific conditions, such as the absence of serum or antibiotics, whilst 
others boast extremely low cellular toxicity. Initial optimisation 
experiments should be performed to identify the optimal concen-
tration of plasmid DNA and the DNA/lipid ratio that provides 
the highest transfection efficiency. Depending on the cell type, 
transfection efficiencies of 50–80% should be routinely achievable. 
(Before designing a transfection experiment, see Note 1.)
 1. One day prior to transfection, trypsinise the cells and aliquot 

them into 24-well plates so that they are approximately 
80% confluent at the time of transfection. Provide sufficient 
numbers of wells so that each firefly luciferase plasmid can be 
transfected into three individual wells.

 2. On the day of transfection, warm all the reagents and the cell 
culture media to room temperature.

 3. Prepare one 14 ml centrifuge tube for each sample to be 
transfected by adding 150 µl of serum free medium, 750 ng 
of firefly luciferase plasmid and 3 ng of CMV-Renilla luci-
ferase plasmid (see Note 2).

 4. Add 7.5 µl of Plus reagent (see Note 3) and incubate at room 
temperature for 20 min.

 5. Aliquot sufficient Opti-MEM into a separate 14 ml tube so 
that 150 µl can be added to each sample (e.g. ten transfections 
would require 1.5 ml Opti-MEM) and add the appropriate 
amount of Lipofectamine (a ratio of 4 µl Lipofectamine/1 µg 
works well in our experience, so for ten transfections add 30-µl 
Lipofectamine), mix and incubate at room temp for 20 min.

 6. Add 150 µl of Lipofectamine/Opti-MEM mixture to each 
tube containing DNA, mix and incubate at room temperature 
for 20 min.

1.3.2 Transfection 
Using Lipid-Based 
Methods



 Identifying Transcriptional Regulatory Regions 9

 7. During this incubation remove the cells from the incubator, 
aspirate the media and wash each well once with 2 ml of PBS, 
add 2 ml of Opti-MEM and return to the incubator.

 8. After the DNA/Lipofectamine incubation is complete add 
1.2 ml of Opti-MEM to each tube and mix. Remove the cells 
from the incubator, aspirate the medium and add 500 µl of 
transfection mixture to each well.

 9. Return the cells to the incubator and leave for a minimum of 
4 h (see Note 4).

10. After incubation with the transfection mixture, remove the 
cells from the incubator, aspirate the media and replace them 
with 2 ml normal growth media. Return the cells to the 
incubator and leave them for at least 24 h.

 1. Remove the transfected cell cultures from the incubator and 
aspirate the media.

 2. Add PBS (0.5 ml per well for a 24-well plate or 1 ml per well 
for a 6-well plate) to wash the cells.

 3. Aspirate the PBS.
 4. Add 100 µl of passive lysis buffer to each well.
 5. Place the plate onto an orbital shaker and shake for 15 min. 

Ensure that the shaking has sufficient vigour for the passive 
lysis buffer to cover the entire surface of the well.

 6. Whilst the cells are lysing, remove the firefly luciferase sub-
strate and the ‘Stop and Glow’ (for Renilla luciferase) rea-
gents from the freezer and warm to room temperature.

 7. Scrape and pipette the passive lysis buffer into a 1.5 ml 
microcentrifuge tube.

 8. Transfer 50 µl of each cell lysate into a well of a 96-well plate 
or into a luminometer tube.

 9. Set the programme on the luminometer to wait for 2 s and 
then measure for 10 s.

10. If using a 96-well luminometer, set the software to indicate 
which of the wells contain cell lysate and prime the injectors using 
the firefly luciferase and Renilla luciferase substrates. Priming 
is accomplished by inserting the tubing into the buffer and 
then instructing the instrument to take the buffer into the 
tubing. Some luminometers allow the complete recirculation 
of the buffer so that the excess buffer can be recovered at the 
end of the experiment. With respect to other luminometers 
any buffer left in the tubing at the end of the experiment 
cannot be recovered and is wasted (see Note 5).

11. Place the 96-well plate into the instrument and begin the 
measurement.

1.3.3. Luciferase 
Assays
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12. If using a single tube luminometer, measure the luciferase 
and then the Renilla luciferase activity for each sample before 
progressing to the next one. To do this, add 100 µl of luciferase 
substrate into the first tube, vortex briefly, insert into the 
luminometer and read. Remove the tube, add 100 µl of the 
Stop and Glow buffer, vortex briefly, insert into the luminom-
eter and read.

13. Repeat the process in step 12 for each tube.
14. Express data as relative light units (RLUs) from luciferase per 

RLU and from Renilla luciferase (see Note 6). We perform 
each transfection in triplicate and calculate the average and 
the SEM of firefly luciferase/Renilla luciferase for each pro-
moter-luciferase plasmid (Fig. 1.2).

One advantage of ChIP is that interactions of endogenous proteins 
with their target DNA sequences in the cell can be measured and 
is therefore considered biologically, to be a more relevant assay 
than in vitro experiments, such as reporter assays. We have used 
this protocol to identify interactions of the transcription factor 
REST with its DNA binding sites in ion channel genes, amongst 
many others and have carried out this protocol using cell lines 
(9–12) and primary cells, including vascular smooth muscle cells 
(3), cardiac myocytes (13) and brain tissue (14) (see Note 7).
 1. Harvest 1 × 107 cells (approximately 1 × 10 cm dish, 80–90% 

confluent) per immunoprecipitation (i.e. use 3 × 107 cells 
if you are going to include a negative and positive control 
immunoprecipitation, see step 12). Wash cells twice in 10 ml 
ice-cold PBS.

 2. Add 270 µl of formaldehyde solution (37%; final concentra-
tion 1%) to 10 ml PBS per plate to crosslink the DNA–protein 

1.3.4. Identifying 
DNA–Protein Interac-
tions by Chromatin 
Immunoprecipitation

Fig. 1.2. Luciferase activity of the KCNN4 promoter in A7r5 smooth muscle cells. The figure shows mean firefly luciferase 
activity normalised to Renilla luciferase activity driven from the co-transfected pRL-CMV plasmid of the wild type KCNN4 
promoter containing a binding site for the transcription factor REST (RE1, top) and a KCNN4 promoter containing a 
mutated site that does not bind REST (bottom). Data shown are mean ± SEM, n = 3. REST is a repressor (15); therefore 
the presence of a functional binding site in the promoter leads to down-regulation of KCNN4 promoter activity driving 
luciferase expression, while mutation of this site alleviates repression.
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interactions. Incubate at room temperature with gentle agita-
tion for 10 min.

 3. Add 630 µl of 2 M glycine (final concentration of 125 mM) 
and incubate for 5 min at room temperature with gentle 
shaking to stop the crosslinking reaction.

 4. Scrape the cells into a 50 ml polypropylene centrifuge tube 
on ice and centrifuge the cells at 300×g for 6 min at 4°C.

 5. Re-suspend the pellet with 1.5-ml ice-cold PBS. Centrifuge 
the cells at 400×g for 5 min at 4°C.

 6. Gently re-suspend the cell pellet in 1.5× cell pellet volume of 
CLB. Re-suspend the cells by pipetting them up and down 
and incubate them for 10 min on ice. Centrifuge at 1,200×g 
for 5 min at 4°C to collect the nuclei.

 7. Remove the supernatant and re-suspend the nuclei in 1.2 ml of 
nuclei lysis buffer (NLB) and incubate them on ice for 10 min. 
Add 0.8 ml of IPDB and transfer them to a glass test tube.

 8. Sonicate the sample using the microtip (small probe). Keep the 
tip of the probe just below the surface and keep the sample on 
ice at all times. Use the Bandelin Sonoplus sonicator at 40% 
power; the settings are the following (these settings may 
vary from instrument to instrument):
(a) No. of bursts: 8
(b) Length of bursts: 30 s
(c) Duty cycle: 7 (intermittent bursts 70% burst)

Allow the samples to cool for 1 min on ice between each pulse. 
Using these conditions, the DNA is sheared to approximately 300–
700 bp fragments. Transfer the sheared chromatin to 2 ml micro-
centrifuge tubes and centrifuge at 16,000×g for 5 min at 4°C.
 9. Transfer the supernatant to a 15 ml polypropylene tube and add 

IPDB to bring the volume up to that required for step 12 (i.e. 
4.32 ml for three immunoprecipitations and an input control).

10. Prepare Protein G-Sepharose (PGS) beads: Make up 1 ml 5% 
BSA in IPDB. Wash 1 ml of PGS beads three times in 1 ml 
IPDB (beads should make up 50% of the volume). Re-suspend 
the beads in 5% BSA. Rotate at room temperature for 1 h. 
Wash the beads two times in 1 ml IPDB and re-suspend 
them in 1 ml IPDB (beads should make up 50% of the volume). 
Store rotating at 4°C.

11. Pre-clear chromatin by adding 100 µg of normal IgG and 
incubate for 1 h at 4°C on a rotating wheel. Add 200 µl 
of the homogeneous protein G-Sepharose suspension and 
incubate for 3 h at 4°C on a rotating wheel.

12. Centrifuge the beads at 1,200×g for 2 min at 4°C. Use the 
supernatant to set up the following conditions.
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Negative control: 1.35 ml chromatin + 5 µg rabbit IgG
Query antibody: 1.35 ml chromatin + 5 µg anti-REST antibody
Positive control: 1.35 ml chromatin + 5 µg histone H3 antibody
Use 270 µl of the chromatin to set up an input control and store 
samples at −20°C.
13. Incubate overnight at 4°C with rotation.
14. Centrifuge the samples at 16,000×g for 5 min at 4°C. Transfer 

the samples to new 1.5 ml microcentrifuge tubes and add 
100 µl of the homogenous PGS suspension. Incubate for at 
least 3 h at 4°C with rotation.

15. Centrifuge the PGS beads at 16,000×g for 20 s at 4°C. 
Remove the supernatant and wash the pellet twice with 
750 µl of IP wash buffer 1. For each wash, vortex briefly 
and centrifuge at 5,000×g for 2 min at 4°C. Leave the tubes 
undisturbed for a minute before removing the supernatant.

16. Wash the pellet similarly, once with 750 µl of IP wash buffer 
2 and twice with 750 µl of TE pH 8.0.

17. Elute the immune complexes (DNA–protein–antibody) 
from the beads by adding 225 µl of IP elution buffer. Vortex 
briefly and centrifuge at 5,000×g for 2 min. Repeat this step 
and combine both the eluates in the same tube.

18. Add 0.5 µl of RNase A (10 mg/ml stock) and 27 µl of 5 M 
NaCl to each sample. Also add 0.5 µl of RNase A (10-mg/
ml stock) and 16 µl of 5 M NaCl to the input sample. Incubate 
the samples at 65°C for 6 h to de-crosslink.

19. Add 9 µl of proteinase K (10-mg/ml stock) and incubate 
overnight at 45°C.

20. Add 2 µl tRNA (5 mg/ml stock) immediately before adding 
500 µl of phenol/chloroform. Vortex well, centrifuge at 
16,000×g for 5 min at room temperature. Transfer the aqueous 
layer to new 2 ml microcentrifuge tubes and repeat this step 
once with 500 µl of chloroform.

21. Add 5 µg of glycogen, 1 µl of tRNA (5-mg/ml stock) and 50 µl 
of 3-M sodium acetate pH 5.2 to each sample. Vortex well and 
add 1.25 ml of 100% ethanol. Precipitate at −70°C for 30 min.

22. Centrifuge at 16,000×g for 20 min at 4°C. Wash the pellet 
with 500 µl of ice-cold 70% ethanol.

23. Remove the supernatant and air dry the pellets for 10 min. 
Re-suspend the pellets in 100 µl of HPLC grade water for the 
input and 50 µl of HPLC grade water for the other samples.

24. Electrophorese 5 µl of each input sample on a 1% agarose, 
1× TAE gel to check DNA fragment sizes and quantitate the 
enrichment of your immunoprecipitated protein in a region 
of interest by quantitative PCR. Store samples at −20°C.
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1. Perform quantitative PCR in a 96-well plate using the 
iCycler iQ system (BioRad, see Note 9). SYBR green I is 
used to measure amplification as it occurs in real time as the 
fluorescence of the reporter increases when it intercalates 
into double stranded DNA. The cycle at which fluorescence 
increases above the background is termed the threshold cycle 
(Ct), which is measured during the exponential phase of 
the PCR. Primers should be designed to amplify sequences 
of DNA between 50 and 150 bp, with a melting tempera-
ture of above 60°C. All reactions should be carried out at 
least in duplicate.

2. Generate standard curves using the Cts from known starting 
amounts of the DNA, which can then be used to determine 
the starting quantities of test samples.

3. Each reaction has a final volume of 20 µl and consists of
● 2 µl of DNA template
● 1 µl of sense primer (500 nM final concentration)
● 1 µl of antisense primer (500 nM final concentration)
● 10 µl of 2× iQ supermix (100 mM KCl, 40 mM Tris–HCl 

pH 8.4, 0.4 mM dNTP, 50 U/ml iTaq, 50 mM MgCl2, 
SYBR green I, 20 nM fluorescein) (BioRad)

● 6 µl of HPLC grade water
4. Perform PCR reactions using an initial incubation at 95°C for 

3 min, to activate the Taq, followed by 45 cycles of
● 95°C for 30 s
● 60°C for 30 s
● 72°C for 30 s

5. Perform a melt curve of the products in the reaction by dena-
turation at 95°C for 30 s, annealing at 58°C for 10 s, followed 
by 45 cycles consisting of
● Measurement of fluorescence for 10 s
● Increment of incubation temperature by 1°C

This records the total fluorescence generated by SYBR green I 
binding to double stranded DNA as the temperature changes, 
with the peak of the trace corresponding to the melting tempera-
ture of the product.
6. Calculate the fold enrichment of the immunoprecipitation 

by dividing the starting quantities of DNA in the immuno-
precipitated samples by that of the control antibody (IgG). 
Use a combination of melt curves and electrophoresis of the 
products through an agarose gel to check the PCR product 
sizes, in order to verify the amplification of specific prod-
ucts. If possible, a negative control region should be included 
in the PCR (a DNA sequence that is >1 kb from any of the 
binding sites for your query protein). We use a sequence 

1.3.5. Quantitative PCR
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of DNA that is >5 kb from any of the REST binding sites 
(Fig. 1.3).

1. In order to compare expression levels of transfected reporter 
genes two controls are important. First, co-transfection of a 
reference plasmid is imperative to allow normalisation for 
transfection efficiency. A reference plasmid would consist of 
a second reporter gene (such as Renilla luciferase, chloram-
phenicol acetyltransferase or β-galactosidase) whose expression 
is driven by a strong, constitutively active promoter (such as 
Cytomegalovirus (CMV), Simian virus 40 (SV40) or Elongation 
factor-1 alpha (EF-1 alpha) ). The reference plasmid should 
drive equal expression of its reporter gene in each of the trans-
fected samples and any variation in reporter activity will be 
the result of differences in the transfection efficiency. By nor-
malising the luciferase expression to the activity of the second 
reporter gene any variation arising due to differences in trans-
fection efficiency would be accounted for. It is also important 
to use a baseline or reference promoter driving luciferase with 
which to relate the promoter activity of your test gene.

1.4. Notes

Fig. 1.3. Chromatin immunoprecipitation of the REST binding site in the KCNN4 promoter from primary human saphenous 
vein smooth muscle cells. Chromatin was precipitated with anti-REST antibody (P18, Santa Cruz) or with IgG (to identify 
background precipitation levels). The presence of the KCNN4 promoter in the anti-REST sample, relative to levels of DNA 
precipitated by IgG was assessed using quantitative PCR. The dashed line represents the level of background precipitation. 
A control DNA sequence >5 kb from any of the REST binding sites is used as a negative control region. Data shown are 
mean ± SEM, n = 3 and indicate that REST binds to the KCNN4 promoter in smooth muscle cells in vivo.
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2. For efficient DNA transfection into cells, preparation of high 
quality plasmid DNA is essential. It is best to prepare DNA 
using a commercial kit based on ion exchange chromatography. 
Removal of endotoxins during the plasmid isolation procedure 
also enhances transfection efficiency and many companies supply 
plasmid isolation kits that will remove endotoxin contamination. 
For simple measurement of luciferase activity resulting from 
the transfection of a single plasmid, a 24 h incubation, post-
 transfection is a sufficient length of time.

3. This step is optional; we find that the use of the Plus reagent in 
association with Lipofectamine increases transfection efficiency.

4. Cells can remain in the transfection mixture for up to 24 h. We 
have found that the efficiency of transfection is greater in the 
case of a 4 h incubation as compared to a 2 h one but efficiency is 
not different for longer incubation periods up to 24 h. Depending 
on the cell type, extended periods of incubation in the absence 
of serum may be deleterious leading to cell death.

5. Luminometers can be obtained that read from single tubes or 
read 96-well plates and contain automatic injectors. The latter 
are more expensive but allow the rapid throughput of large 
numbers of luciferase assays without requiring the constant 
presence of the user. However, the requirement for injec-
tion lines to be primed with luciferase and Renilla luciferase 
substrates means that high throughput luminometers can be 
wasteful of reagents if only a small number of samples are to 
be assayed at any one time. It is also important not to prime 
the tubes for a 96-well plate luminometer until just before the 
samples are ready to be assayed so that the reagent is not left 
sitting in the tubes for an extended period as this often results 
in abnormally low readings for the first samples.

6. Often, data is presented as firefly luciferase activity relative to 
activity obtained by transfection of either a plasmid lacking 
any eukaryotic promoter sequence or a plasmid containing 
a known promoter sequence (for example, a constitutively 
active viral derived promoter, such as CMV or the full length 
promoter for the gene of interest). One problem with using 
a known promoter sequence such as CMV is that it does not 
have the same activity in all cell types and hence a comparison 
between cells can be problematic. Conversely, using the back-
ground level of activity obtained from a firefly luciferase plas-
mid lacking any eukaryotic promoter sequences results in all 
data being normalised to a low signal with a greater tendency 
to show variability.

7. ChIP on tissue is carried out essentially as described here but 
using 450–600 mg frozen tissue. Freeze the tissue in liquid 
nitrogen, dice it into small pieces in 5 ml PBS, 1% formalde-
hyde and agitate at 4°C for 10 min. Add 125 mM glycine (final 
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concentration) to quench fixation and transfer the tissue to a 
polypropylene tube and centrifuge the sample at 400×g for 
5 min at 4°C. Wash the pellet three times in PBS and centri-
fuge again at 400×g for 5 min at 4°C. Homogenise the sample 
in 3 ml PBS in a Dounce homogeniser by plunging it 25 times 
and keeping it on ice at all times. Centrifuge the homogenised 
tissue at 400×g for 5 min at 4°C and re-suspend it in the CLB 
containing 1% SDS. Transfer to a glass test tube and continue 
the ChIP protocol from step 8 Subheading 1.3.4.

8. Try to design primers for quantitative PCR as close to the 
putative binding site as possible.

9. Many other quantitative PCR systems and reagents are available, 
for example, Applied Biosystems, Invitrogen and Stratagene, 
which have their own systems, although we have not tested these.

This work was supported by the British Heart Foundation and 
the Wellcome Trust.
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Chapter 2

Quantitative RT-PCR Methods for Investigation of Low Copy 
Potassium Channel Gene Expression in Native Murine Arteries

Alex Cheong, Samuel J. Fountain, and David J. Beech

Summary

Voltage-gated K+ channels (KV channels) are encoded by the KCNx gene family and have such a wide 
range of properties that it is necessary to identify the precise expression profile that is instrumental in 
governing the electrical phenotype of a cell and its response to extrinsic factors. Real-time quantitative 
RT-PCR methodology has been developed and validated for specific RNA species in vascular smooth 
muscle cells. We have shown that most of the KCNA gene family, encoding the major KVα1 subunits, 
was markedly up-regulated in the resistance artery compared to the thoracic aorta, in line with reported 
patch-clamp recordings. Thus quantitative real-time RT-PCR data can be translated into physiological 
response.

Keywords: Potassium channel, Real-time RT-PCR, Smooth muscle.

KCNA genes are mammalian homologues of the Drosophila 
melanogaster Shaker K+ channel gene. Each of the KCNA gene 
products are K+ pore-forming subunits that can be functional 
homotetramers, or heterotetramers consisting of any KVα1 but 
not α- or β-subunits of other KV channels (1). KVα1 subunits 
are known to be expressed throughout the vasculature including 
the cerebral arteries (2–4), the mesenteric artery (5, 6) the pul-
monary arteries (7, 8), the coronary arteries (9), the renal artery 
(10), the portal vein (11) and the aorta (5, 6, 12). Such differen-
tial phenotypes may be a mechanism for physiological control of 
a blood vessel and local tissue perfusion.

2.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
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Several challenges present themselves when using small tis-
sues such as murine mesenteric arteries: the isolation of RNA 
from a specific type of cell – in our case the smooth muscle layer, 
the small amount of RNA which can be isolated, and the low copy 
number of genes encoding the potassium channels. Nonetheless, 
the advent of real-time quantitative RT-PCR has provided a reli-
able and straightforward methodology which we have used to 
describe the distinctive cell-specific expression patterns of KCNA 
genes between a conduit artery and a resistance artery (6).

Coupled with other techniques such as immunocytochem-
istry, western blot and electrophysiology, quantitative real-time 
RT-PCR can provide solutions to translate the expression pro-
file of potassium channel genes and proteins into functional 
signals.

1. Hank’s solution for dissection: 137-mM NaCl, 5.4-mM KCl, 
0.34-mM NaH2PO4, 0.44-mM K2HPO4, 8-mM glucose, 
5-mM HEPES, 0.01-mM CaCl2, pH 7.4 with NaOH. Filtered 
through 0.2-µm membrane filter (NUNC), and kept on ice.

2. Dumonstar 55 dissection forceps.
3. Scalpel, size 10.
4. Sylgard 184 silicone elastomer (Dow Corning).
5. Entomological pins (local Hobby shop).
6. Endothelial removal solution: 0.1% (v/v) Triton X-100 in 

water.
7. Perfusion syringe for endothelial removal (1-ml Terumo 

syringe with Microlance 3, BD).

1. Liquid nitrogen for snap-freezing tissue immediately after 
dissection.

2. Tissue homogeniser (Kinematica).
3. Tri-Reagent (Sigma; see Note 1).
4. Bromophenol chloroform.
5. Glycogen to act as charge carrier for RNA (Sigma).
6. Isopropanol.
7. 75% ethanol in water.
8. DNAse I (Ambion) for removal of DNA contamination.

2.2. Materials

2.2.1. Tissue 
Dissection

2.2.2. RNA Isolation 
and Quantification
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 9. DNAse inactivating reagent (Ambion).
10. RiboGreen and ribosomal RNA standards (Molecular 

Probes) for quantification of RNA (see Note 2).
11. PCR grade water.
12. Tris–EDTA (TE).
13. Bench-top centrifuge for quick-spin.
14. Cooled centrifuge for 13,000 rpm at 4°C.
15. LightCycler instrument (v1.5, Roche).

 1. Transcriptor reverse transcriptase (Roche).
 2. dNTPs (Roche).
 3. Oligo-dT and random primers (Roche) or gene-specific 

primers (Sigma).
 4. DNase inhibitor (Roche).
 5. PCR grade water (Roche).
 6. Water bath (thermal cycler preferable).

 1. LightCycler FastStart DNA Master SYBR Green I kit (see 
Note 3).

 2. LightCycler glass capillaries (20 µl).
 3. LightCycler capillary cooling box.
 4. LightCycler instrument (v1.5).

 1. Agarose.
 2. Tris–borate–EDTA electrophoresis buffer (see Note 4).
 3. Ethidium bromide (see Note 5).
 4. 100-bp DNA ladder (New England Biolabs).
 5. Electrophoresis chamber and power supply.
 6. Transilluminator.

 1. Sacrifice 8- week-old male C57/BL5 mice by CO2 asphyxi-
ation and cervical dislocation, in accordance with the local 
legislature and code of practice.

 2. Surgically remove the thoracic aorta (approximately 0.75 mm 
in diameter) and place on ice-cold Hank’s solution.

2.2.3. cDNA 
Preparation

2.2.4. RT-PCR

2.2.5. Gel Electro-
phoresis

2.3. Methods

2.3.1. Dissection 
of Tissues
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 3. Pin out the blood vessel using entomological pins on a Syl-
gard-coated dissection plate (see Note 6) and submerge it in 
ice-cold Hank’s solution.

 4. Remove the fat completely by dissection.
 5. Flush out the blood cells from the lumen with Hank’s solu-

tion.
 6. Perfuse the lumen briefly with the endothelial removal solu-

tion (see Note 7).
 7. Using fine forceps, completely remove the adventitial layer 

(see Note 8).

 1. The medial layer of the individual aorta is placed in a sterile 
1.5 ml Eppendorf tube and snap-frozen in liquid nitrogen 
immediately after dissection. This sample can be stored at 
−80°C until required.

 2. Pipet 0.5 ml of Tri-Reagent into the tube and homogenise 
the tissue at maximum speed for 2 min.

 3. Make sure there is no carryover for the next sample by thor-
oughly cleaning the aggregate in molecular biology grade 
water.

 4. Add an extra 0.5 ml of Tri-Reagent to the tube, giving a final 
volume of 1 ml.

 5. Add 100 µl of bromophenol chloroform, mix and quick-
spin.

 6. Leave for 15 min at room temperature to allow separation.
 7. You should be able to see separation of the protein, DNA, 

and RNA phases.
 8. Centrifuge at 16,000×g for 15 min at 4°C.
 9. The protein, DNA and RNA phases should be clearly defined 

now.
10. Carefully pipet the clear RNA solution above the white DNA 

ring into a sterile 1.5 ml Eppendorf tube. You should get 
approximately 600 µl (see Note 9).

11. Add 12.5 µl of glycogen, mix and quick-spin.
12. Add 600 µl of ice-cold isopropanol to the clear solution.
13. Mix thoroughly and leave on ice for 30 min.
14. Centrifuge at 16,000×g for 15 min at 4°C.
15. There should be a white pellet at the bottom of the Eppen-

dorf tube.
16. Carefully pipet out the solution and pipet in 1 ml of ice-cold 

75% ethanol.

2.3.2. RNA Isolation
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17. Vortex the Eppendorf tube to wash the pellet and quick-
spin.

18. Carefully pipet out the 75% ethanol and repeat the wash 
step.

19. Remove as much ethanol as possible and leave the pellet to 
air-dry.

20. Reconstitute the pellet in 10 µl of TE buffer.
21. Add 1.3 µl of 10× DNase buffer and mix.
22. Add 3 µl of DNase I and mix.
23. Incubate at 37°C for 45 min for DNA digestion.
24. Add 5 µl of DNase inactivation reagent. Leave for 5 min and 

quick-spin. The smooth muscle RNA is ready for quantifica-
tion.

 1. Prepare sufficient volume (10 µl per sample) of a working 
concentration of RiboGreen reagent at 1:200 dilution in TE 
buffer.

 2. Protect the working solutions from light by covering them 
with foil or placing them in the dark, as RiboGreen is sus-
ceptible to photo-degradation.

 3. Prepare a 10 µg/ml solution of ribosomal RNA standards in 
TE. This is provided in the RiboGreen Quantification kit.

 4. Dilute the 10 µg/ml RNA solution to give final RNA con-
centrations in the TE buffer in the range of 0.1, 0.2, 0.4, 
0.6, 0.8 and 1 µg/ml.

 5. Transfer 10 µl of the RNA standards into individual Light-
Cycler glass capillaries.

 6. Dilute the unknown RNA 100-fold in the TE buffer and 
transfer 10 µl into a LightCycler glass capillary.

 7. Add 10 µl of RiboGreen reagent per capillary.
 8. Quick-spin in the LightCycler centrifuge.
 9. Load into the LightCycler and leave for 5 min to allow the 

reaction to occur.
10. Start the LightCycler software and select the real-time Fluo-

rimeter.
11. Record the Fluorescence F1 values for each sample.
12. Subtract the background F1 value of the reagent blank from 

that of each of the samples.
13. Use the subtracted data to construct a standard curve of 

fluorescence vs. RNA concentration.
14. The unknown RNA concentration can be determined from 

the equation of the standard curve (Fig. 2.1, see Note 10).

2.3.3. RNA Quantifica-
tion Using Ribogreen
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 1. Calculate the volume of RNA required for cDNA synthesis. 
We usually use 0.5–1 µg.

 2. Total reaction volume is 20 µl.
 3. Add either gene-specific primers (final concentration 1 µM) 

or random hexamers (final concentration 60 µM) and oligo-
dT primers (final concentration 2.5 µM) (see Note 11).

 4. Add PCR grade water up to 13 µl of the reaction volume.
 5. Incubate at 65°C for 10 min, then place immediately on ice 

for 1 min.
 6. Add 4 µl of Transcriptor RT Reaction Buffer 5×.
 7. Add 0.5 µl of 40 U/µl Protector RNase Inhibitor.
 8. Add dNTP mix (final concentration of 1-mM each).
 9. Add 0.5 µl of 20 U/µl Transcriptor Reverse Transcriptase 

(final concentration 10 U).
10. Vortex and quick-spin.
11. If using random hexamers and oligo-dT, incubate at 25°C 

for 10 min.
12. Incubate at 55°C for 30 min.
13. Incubate at 85°C for 5 min to heat-inactivate the reverse 

transcriptase.
14. Place on ice and store at 4°C.

2.3.4. cDNA 
Preparation

Fig. 2.1. RNA quantification curve.
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Primers should be designed with the aid of appropriate software, 
e.g. Roche provides the LightCycler Primer Design software. 
Attention should be paid to the optimal size of the amplicon pro-
duced during the reverse transcription (see Note 12). Real-time 
products are usually less than 200 bp.

The following guidelines should be observed for optimal and 
accurate primer design:
 1. The primer’s 3  ends should be free from secondary struc-

tures, repetitive sequences, palindromes and highly degenerate 
sequences.

 2. Forward and reverse primers should not have significant 
complementary sequences.

 3. Forward and reverse primers should have equal GC contents, 
ideally between 40 and 70%, with equal melting temperatures 
(60°C). Moreover, if there is a constant melting temperature 
for all primers, RT-PCR runs can be performed together in 
the LightCycler.

This protocol uses the Roche LightCycler FastStart DNA Master 
SYBR Green I kit.

 1. Prepare the LightCycler Reaction mix by pipetting 10 µl 
from vial 1a, containing FastStart Taq DNA polymerase, 
into vial 1b, containing reaction buffer, dNTP mix, SYBR 
Green I and 10-mM MgCl2.

 2. For a 20-µl reaction, mix 2 µl of LightCycler Reaction mix, 
2 µl of cDNA, forward and reverse primers (at optimised 
concentration), optional additional MgCl2 (vial 2; see Note 
13) and PCR grade water (vial 3).

 3. Negative controls (such as RNA reverse-transcribed in the 
absence of the reverse transcriptase, i.e. no-RT) should 
always be included in real-time runs and, wherever possible, 
appropriate positive controls should also be included.

 4. Transfer the reaction into 20-µl LightCycler glass capillaries 
and load it into the LightCycler carousel.

 5. Quick-spin in the LightCycler centrifuge and load into the 
LightCycler instrument.

The following procedure is optimised for use with the LightCy-
cler 1.5 instrument. The primers used for performing the RT-
PCR experiments are given in Table 2.1.

The RT-PCR protocol is divided into four steps:
(a) Pre-incubation to activate the FastStart Taq DNA polymerase.
(b) Amplification of the target DNA (denaturation, annealing 

and extension).

2.3.5. VRT-PCR Primer 
Design

2.3.6 . RT-PCR

2.3.6.1. Reaction Mix

2.3.6.2. RT-PCR Protocol
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(c) Melting curve for PCR product identification.
(d) Cooling for complete hybridisation.
 1. Pre-incubate at 95°C for 10 min to activate the FastStart 

Taq DNA polymerase.
 2. Incubate at 95°C for 10 s to denature the cDNA.
 3. Incubate at 55°C for 6 s to start the annealing process with 

the primers.
 4. Incubate at 72°C for 16 s to start extension of the amplicon, 

and acquire fluorescent reading.

Table 2.1
PCR primers for potassium channel mRNA detection (reproduced from ref. 6 )

Gene Accession no. Primer 5′–3′
Amplicon 
size (bp)

Amplicon 
Tm (°C) Efficiencya

β-actin NM_007393 F1 CACTATTGGCAACGAGC
R1 CGGATGTCAACGTCAC

126 83.1 1.82 ± 0.05

KCNA1 
(KVα1.1)

NM_010595 F1 TCTAGCGCAGTGTACTT
R1 GGCTATGCTATTGTTCATA

378 88.3 1.76 ± 0.05

KCNA2 
(KVα1.2)

NM_008417 F1 TCGATCCCCTCCGAAA
R1 CTAAGGGCACGTTCACA

114 86.5 1.81 ± 0.03

F2 CACCCACAAGACACCT 192 85.1 1.96 ± 0.02
R2 GGCGGTTGCGATCAAA

KCNA3 
(KVα1.3)

NM_008418 F1 GCTTCCCGAGTTTCGC
R1 CCCATTACCTTGTCGTTC

298 88.9 1.89 ± 0.06

F2 AGGACAGACGCTGAAG 287 87.6 1.86 ± 0.03
R2 AGTTGGAAACAA

TCACAGG

KCNA4 
(KVα1.4)

NM_021275 F1 CCCTAAGAGCCAGCAT
R1 GGTTAAGACACCCGCA

245 ND ND

KCNA5 
(KVα1.5)

NM_008419 F1 GAGCCGTTGAAGTGGT
R1 AAATGCACTCGTCAGC

215 81.5 2.10 ± 0.05

KCNA6 
(KVα1.6)

NM_013568 F1 CGCTGTCTACTTCGCAG
R1 CTCGATGTGGAGTCGG

380 ND ND

KCNA7 
(KVα1.7)

NM_010596 F1 CCTAAGGGTCATCCGA
R1 CCCATAGCCAACCGTG

259 ND ND

KCNAB1 
(KVβ1)

NM_010597 F1 AAATGACGGTGTGAGT
R1 CAGTATGTTATCAATCTCG

127 84.8 2.17 ± 0.01

KCNB1 
(KVα2.1)

NM_008420 F1 AGCAATAGCGTTCAACTT 239 87.0 1.78 ± 0.06

ND not determined, F forward, R reverse
aMean ± SEM efficiency determined for ≥4 independent cDNA templates
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 5. Repeat steps 2–4 for 40 cycles.
 6. Incubate at 65°C for 15 s.
 7. Ramp up the temperature to 95°C at a rate of 0.1°C/s while 

continuously acquiring fluorescent readings (see Note 14).
 8. Cool the reaction to 40°C and hold for 30 s for complete 

hybridisation.

Real-time PCR reactions can be analysed by melting curve analy-
sis to differentiate primer dimers from specific PCR products. 
A typical plot of the dissociation curve is shown in Fig. 2.2. 
However, if the raw data from a melting profile are presented as a 
first derivative plot of fluorescence units against temperature, this 
provides a clearer view of the rate of SYBR Green I loss and the 
temperature range over which it occurs (Fig. 2.2). Primer dim-
ers usually melt at lower temperatures than specific PCR prod-
ucts and thus the small peaks are most likely primer dimers of 
non-specific product formation. It is also useful to analyse the 
results by agarose gel electrophoresis to correlate product length 
with melting peaks, to identify PCR artefacts (Fig. 2.3) and to 
sequence the PCR product to validate the result.
 1. To pour an agarose gel, agarose powder is mixed with the 

electrophoresis buffer to the desired concentration (2%). 
Prevent it from boiling over.

 2. Heat in a microwave oven until completely melted.
 3. Cool the solution to about 60°C before adding ethidium 

bromide to the gel (final concentration 0.5 µg/ml).
 4. Pour the solution into a casting tray containing a sample 

comb and allow to solidify at room temperature.
 5. After the gel has solidified, remove the comb, taking care 

not to rip the bottom of the wells. If there are excess lanes 

2.3.7. RT-PCR Quanti-
fication

2.3.7.1. Identification 
of the Desired Amplicon

Fig. 2.2. Melting curve for aorta samples investigated by RT-PCR for KVα1.3. (A) Dissociation curves before and after 
optimisation of the PCR reaction. (B) First derivative plot of fluorescence against temperature reveals the initial presence 
of a primer dimer prior to optimisation. This subsequently disappears after improving reaction conditions, leaving a single 
specific melting curve.
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available, that section of the gel can be cut out with a scalpel 
blade and stored at 4°C for future use.

 6. The gel, still in its plastic tray, is inserted horizontally into 
the electrophoresis chamber and just covered with electro-
phoresis buffer.

 7. Samples mixed with the loading buffer are then pipetted 
into the sample wells.

 8. Close the lid and run the gel at 50–70 V. DNA will migrate 
towards the positive electrode (usually coloured red).

 9. When adequate migration has occurred, DNA fragments 
are visualised by the ethidium bromide bound between the 
bases of the DNA.

10. Place the gel on an ultraviolet transilluminator to visualise 
vthe DNA and take a photograph of the gel.

Real-time PCR results can be analysed in a variety of ways 
depending on the application. Analyses of quantitative stand-
ards can be used to generate PCR curves and from these the 

2.3.7.2. Quantification 
Analysis

Fig. 2.3. Specificity of detection in aorta samples using F1/R1 primer sets (Table 2.1). Derivative melting curve analyses 
are shown with inset agarose gels (reproduced from ref. 6).
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Fig. 2.4. SYBR Green fluorescence-cycle plots for KCNx genes in aorta. Crossing point 
(CP) is the intersection with the horizontal dotted line (set at 0.5).

Fig. 2.5. Conduit vs. resistance artery for RNA encoding KVα1 (reproduced from ref. 6).

cycle number at which the fluorescent signal increases above 
a predetermined background value (CP, crossing point) can be 
determined (Fig. 2.4). This crossing point can be used for the 
comparison of results from sample to sample and can be used to 
generate quantitative results.

1. Record the crossing point of the gene of interest (e.g. KCNA1) 
and an appropriate housekeeper gene (e.g. b-actin).

2. Use the equation 2C
P

(β-actin) / 2CP(KCNA1) to calculate the relative 
abundance of KCNA1 to b-actin (see Note 15).

Fig. 2.5 shows the SYBR Green-cycle plots for KCNx genes in 
the samples from the two different vascular beds: the aorta and 
the mesenteric. Analysis of the relative abundance of the RNA 
shows that there is significantly more KVα1.1, 1.2, 1.3 and 1.5 in 
the mesenteric artery than in the aorta.

2.3.7.3. Relative 
Quantification
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 1. Tri-Reagent is toxic and prolonged exposure to phenol 
fumes or contact with skin can be hazardous. If possible, 
please use a fume hood.

 2. RiboGreen is an ultrasensitive fluorescent nucleic acid stain 
for measuring RNA concentration in solution.

 3. SYBR Green I is a minor groove-binding dye which typically 
exhibits 20–100-fold fluorescence enhancement on binding 
to double-stranded DNA.

 4. Tris–borate–EDTA (TBE) is used for small (<1 kb) DNA 
and shows increased resolution of small DNA whereas Tris–
acetate–EDTA (TAE) is used for DNA recovery and electro-
phoresis of large (>12 kb) DNA.

 5. Ethidium bromide is an intercalating agent commonly used 
as a nucleic acid stain in molecular biology laboratories for 
techniques such as agarose gel electrophoresis. When exposed 
to ultraviolet light, it will fluoresce with a red-orange colour, 
intensifying almost 20-fold after binding to DNA. Ethidium 
bromide may be a very strong mutagen, and may possibly 
be a carcinogen or teratogen, although this has never been 
definitively proved. High concentration of ethidium bromide 
(e.g. when the colour of the gel is dark pink or red) should be 
placed in the biohazard box for incineration.

 6. Sylgard is a silicone elastomer. Mix the base part to the cur-
ing part at a ratio of 10:1, pour sufficient volume into a 
10-cm culture dish with a sufficient depth of 5 mm and leave 
for 4 h at 65°C before use. The use of the Sylgard-coated 
surface will prolong the life of the dissection forceps and 
provide a base for pinning the entomological pins.

 7. The act of removing the endothelial layer can damage the 
tissue. A wire myography experiment can be done to vali-
date the vessel health and complete the endothelial removal. 
Phenylephrine (10 µM) and acetylcholine (1 µM) will induce 
contraction in the intact aorta but not in the endothelial-
denuded vessel.

 8. Co-staining of aorta sections with an antibody against smooth 
muscle α-actin and a nuclear stain such as DAPI will validate 
the removal of the endothelial and adventitial layers.

 9. DNA and protein can be recovered from the remaining 
solution by further precipitation.

10. The Microsoft EXCEL macrofunction is a very handy tool to 
work out the solutions to the RNA concentration equation.

2.4. Notes
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11. Priming of the cDNA reaction from the RNA template can 
be done using random primers, oligo-dT, or gene-specific 
primers. The melting temperature Tm of random primers 
and oligo-dT is low, and hence neither of these can be used 
with thermostable RT enzymes without a low temperature 
pre-incubation step. Random primers are by definition non-
specific, but yield the most cDNA and are the most useful 
for transcripts with significant secondary structure. cDNA 
synthesis with oligo-dT is more specific than random prim-
ing, although it will not prime RNAs that lack a poly-A tail 
such as ribosomal 16S. Gene-specific primers synthesise the 
most specific cDNA and provide the most sensitive method 
for quantification, but the RT-PCR reactions are restricted to 
the genes primed for. In the case of KCNx genes in smooth 
muscle cells, we synthesised cDNA using gene-specific prim-
ers to improve detection.

12. Optimal primer concentration should be determined, with 
a final concentration ranging from 0.1 to 0.5 µM for both 
primers. For some assays, the optimal concentration for the 
two primers will not be the same, and it will be necessary 
to use asymmetric priming, where a lower concentration of 
one primer is used, to achieve good melting curves. If the 
problem persists, it is advisable to design new primers.

13. A key variable is the magnesium chloride (MgCl2) concen-
tration since Mg2+ affects the specificity and the yield of 
PCR (13). Concentrations that are too high may lead to 
incomplete denaturation and low yields, and can also lead 
to increased production of non-specific products and primer 
artefacts including primer dimers. Levels that are too low 
reduce the ability of polymerase to extend the primers. Opti-
mum MgCl2 concentration in the LightCycler instrument 
ranges from 1 to 5 mM. It is recommended that a MgCl2 
titration be performed for each primer set.

14. This will dissociate the SYBR Green from any double-
stranded DNA, including any primer dimers, contaminating 
DNA, and PCR products from mis-annealed primers.

15. Quantitative RT-PCR can be expressed relative to an inter-
nal standard. Relative quantification determines the changes 
in steady-state mRNA levels of a gene relative to the levels 
of an internal control, usually a housekeeping gene such 
as b-actin, GAPDH or ribosomal 16S. Therefore, relative 
quantification does not require standards with known con-
centrations and all samples are expressed as an n-fold differ-
ence relative to the housekeeper gene, and the number of 
target gene copies are normalised to the housekeeper gene.
If the aim is to compare the relative abundance of 1 gene in 
different tissues, knowing the PCR efficiency is not important, 
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as it will cancel out. Hence, remembering that DNA ampli-
fication is exponential and assuming a 100% PCR efficiency 
(i.e. each cycle brings a doubling of the product and hence 
an efficiency value of 2), the equation for the relative abun-
dance of KCNx to a housekeeper gene is as described under 
Subheading 2.3.7.3.

However, if the aim is to compare the relative abundance of 2 
genes in the same tissue, it is necessary to determine the PCR effi-
ciency when using each primer set. The PCR efficiency for a given 
primer set can be easily obtained by performing RT-PCR using 
the primer set on serial DNA dilutions. The PCR efficiency is then 
calculated from the slope value for the derived standard curve:
Effi ciency EgeneX using X primer set = 10−1/slope.
Thus,

 

E
Relative abundance of   = .

E

C (housekeeper)p

housekeeper

C (KCNx)p

genex

X
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Chapter 3

Cloning of Potassium Channel Splice Variants 
from Tissues and Cells

Lie Chen and Michael J. Shipston

Summary

Potassium channels display considerable functional diversity. Alternative pre-mRNA splicing represents 
one of the most powerful post-transcriptional mechanisms to create physiological diversity by generating 
multiple protein products from a single gene. Due to the modular nature of proteins, alternative splicing 
can profoundly modify potassium channel structure, function and regulation. Alternative pre-mRNA 
splicing is exploited by most genes but is particularly prevalent in single gene families as exemplified by 
the gene (KCNMA1), which encodes large conductance calcium- and voltage-gated potassium (BK) 
channel α-subunits. Importantly, alternative pre-mRNA splicing is kept under spatiotemporal control by 
circulating hormones and cellular activity, as well as being differentially modified during development and 
in different tissues. While the sequencing of numerous genomes has further demonstrated the importance 
of splicing in generating diversity from a limited genome size, a major challenge is to define splice variants 
that are expressed in tissues and their functional role. Here we describe strategies and protocols to experi-
mentally define and isolate splice variant mRNA transcripts in multiple tissues and provide a platform to 
characterise the effect of splice variants on channel function and physiology.

Key words: Alternative splicing, KCNMA1, BK channel, Calcium-activated potassium channel, RT-PCR, 
mRNA.

Potassium channels play a central role in diverse physiological 
processes, from the setting of cell resting potentials to the control 
of blood pressure, neuronal excitability, endocrine hormone secre-
tion and electrolyte balance. The eclectic role of potassium chan-
nels in physiology requires mechanisms to generate considerable 
diversity in channel properties and function. The pore-forming 
α-subunits of potassium channels are encoded by multiple gene 
families and may assemble as heteromeric complexes to form the 

3.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
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functional pore. In addition, potassium channels can assemble 
with, and be regulated by, an array of accessory subunits and distinct 
intracellular signalling complexes.

An important additional post-transcriptional mechanism for 
generating physiological diversity in potassium channels is through 
alternative pre-messenger RNA splicing. Alternative pre-mRNA 
splicing represents one of the most powerful post-transcriptional 
mechanisms to generate physiological diversity from a limited 
genome by generating multiple protein isoforms from a single 
gene (1–5). More than 70% of human genes display alternative 
pre-mRNA splicing (1–5) and mis-splicing events are major deter-
minants of human disease (6–8). Alternative pre-mRNA splicing 
is utilised extensively by single gene families (4), as exemplified 
by the gene (KCNMA1), which encodes large conductance cal-
cium- and voltage-activated (BK) potassium channels (9–11). 
Alternative pre-mRNA splicing of the BK channel α-subunit 
plays a major role in determining the functional properties of 
BK channels and multiple sites of splicing have been identified 
in the α-subunit (10, 11). Alternatively spliced variants can display 
different calcium- and voltage-sensitivities (12–15), regulation by 
protein phosphorylation (15–18) and other intracellular signalling 
cascades (19, 20) as well as cell-surface expression (14, 21, 22).

Importantly, BK channel alternative pre-mRNA splicing is 
spatiotemporally regulated in a dynamic manner via cellular excit-
ability, circulating hormones and during development (23–25). 
The ability to rapidly identify splice variants that are expressed 
in tissues is thus of paramount importance to further our under-
standing of alternative splicing in the regulation and function of 
potassium channels in health and disease.

Here we present strategies and protocols that we have success-
fully employed (15) to isolate and characterise existing and novel 
sites of splicing C2 BK channel mRNA splice variants in mamma-
lian tissues (Fig. 3.1).

We discuss strategies to generate high quality total RNA from 
cells and tissues, convert this to cDNA and PCR to amplify splice 
variants for the gene of interest, and exploit a rapid subcloning 
procedure to allow rapid identification and sequencing of novel 
splice variants.

All procedures in this section require the use of RNase-free reagents 
and consumables (see Subheading 3.3.1.2). All solutions should 
be treated with 0.1% diethylpyrocarbonate (DEPC) to inactivate 
RNases and autoclaved as for step 1 below, except for Tris–HCl 
buffers, which should be made with RNase-free water.

3.2. Materials

3.2.1. Isolation of Total 
RNA from Tissues and 
Cells



Fig. 3.1. Analysis of splice variant mRNA transcripts at the intracellular C-terminal C2 site of splicing in the murine BK 
channel. (a) Pore-forming α-subunit of large conductance calcium- and voltage-activated potassium (BK) channels 
encoded by the KCNMA1 gene. The C2 site of splicing is located in the intracellular C-terminus of the channel. Alternative 
pre-mRNA splicing in the mouse at site C2 results in five different splice variants at this site as illustrated schematically. 
In the ZERO variant exon 19 is spliced to exon 23, in variants e20, e21 (also known as STREX) and e22 the respective 
exon is included between exons 19 and 23. Open boxes indicate constitutive exons whereas shaded boxes indicate 
alternatively spliced exons identified in mouse. The number in each box refers to the respective murine exon. Note that 
exon 23 was previously considered as a constitutive exon; however, analysis revealed a novel variant in which exon 23 is 
skipped (∆e23). This results in a frame shift and a premature truncation of the protein (see ref. 15). The PCR screening strategy 
employed a forward (fwd) PCR primer located in exon 15 and a reverse (rev) primer in exon 25 to span several putative 
exons and introns. (b) Representative SYBR® Safe stained DNA agarose gel (as in Subheading 3.3.3.3) illustrating size 
fractionation of different sized PCR amplicons. This corresponds to the different site C2 splice variants, resulting from 
the PCR screen identified using the strategy outlined. (c) Translation of the DNA sequence of identified PCR amplicons 
reveals the different amino acid sequences (single amino acid code) resulting from the alternative splicing decisions for 
each variant. Amino acids in bold indicate the respective splice variant specific insert sequences.
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 1. RNase-free water: add 0.1% DEPC to 18-MΩ quality distilled 
water in an RNase-free bottle, shake vigorously and leave to 
stand overnight with loose fitting cap. Autoclave for at least 
15 min on a standard wet-cycle. Aliquot small working stocks 
(~10 ml) for day to day use in RNA extraction procedures. 
Discard working stock regularly.

 2. Qiagen RNeasy mini spin column kit (includes spin columns, 
buffers RLT, RW1 and RPE, Cat. no. 74104).

 3. Ethanol: use 96–100% ethanol stored in small aliquots at 
room temperature.

 4. Ultrapure agarose: have separate stocks for RNA and DNA gels.
 5. 10-mM Tris–HCl, pH 7.0 made up in RNase-free water: 

store in small aliquots at room temperature.
 6. RNA gel buffer (RGB): prepare 10× stock in RNase-free 

water with 200-mM 3-[N-morpholino]propanesulfonic acid 
(MOPS), 50-mM sodium acetate and 10-mM EDTA, pH to 
7.0 with NaOH. Autoclave and store at room temperature.

 7. RNA gel running buffer (RGRB): prepare 1-L fresh solution 
containing 100 ml of 10× RNA gel buffer, 20 ml of 37% (12.3 M) 
formaldehyde and 880 ml of RNase-free water in a fume hood.

 8. RNA loading buffer (RLB): prepare 10 ml of a 5× stock 
solution in RNase-free water containing 4 ml of 10× RNA 
gel buffer, 20% glycerol, 33% formamide, 4-mM EDTA, pH 
8.0, 0.2% bromophenol blue, 0.2% xylene cyanol. Store as 
250-µl aliquots at −20°C or at 4°C for up to 3 months.

 9. 0.5% SDS: 0.5% (w/v) sodium dodecyl sulfate in RNase-free 
water.

10. Ethidium bromide (EtBr): prepare 10-mg/ml stock in 
RNase-free water and store in dark bottle at 4°C. Caution - 
mutagenic (see Note 1).

11. Sodium acetate: prepare a 3-M stock solution in RNase-free 
water and adjust pH to 5.2 with acetic acid. Store as 0.5-ml 
aliquots at −20°C.

12. Cell lysis buffer (RLN, optional): 50-mM Tris–HCl, pH 8.0, 
140-mM NaCl, 1.5-mM MgCl2, 0.5% (v/v) Nonidet P-40. 
Prepare with RNase-free water.

13. RNase-free DNase 1: store reconstituted enzyme at 2–3 
Kunitz units (KU)/µl in RNase-free water and 10× DNase 
1 reaction buffer in small aliquots at −20°C.

 1. Qiagen Omniscript RT kit (Cat. no. 205111).
 2.  Random hexamer primers: prepare a 100-µM stock by 

re-suspending in RNase-free water. Prepare 10-µl aliquots 
and store at −20°C.

3.2.2. First Strand 
cDNA Synthesis 
and PCR Amplification 
of Splice Variants
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 3. Oligo-dT primer: prepare a 10-µM stock by re-suspending in 
RNase-free water. Prepare 10-µl aliquots and store at −20°C.

 4. RNA inhibitor (e.g. RNAsin from Promega, Cat. no. N2111): 
store at −20°C. Dilute to 10 U/µl with RNase-free water, 
immediately prior to use.

 5. dNTP mix (dATP, dCTP, dGTP, dTTP): prepare 25-mM 
stock of each dNTP in RNase-free water. Prepare 10-µl aliq-
uots and store at −20°C.

 6. Taq DNA polymerase (Invitrogen, Cat. no. 18038-042): includes 
10× PCR buffer, 50-mM MgCl2 and Taq DNA polymerase.

 7. Forward gene specific PCR primer: re-suspend in dH20 and 
dilute to 10 pmol/µl. Store as 25-µl aliquots at −20°C.

 8. Reverse gene specific PCR primer: re-suspend in dH20 and 
dilute to 10 pmol/µl. Store as 25-µl aliquots at −20°C.

 9. Autoclave RNase-free water.
10. DNA gel buffer (TBE) (10×): 0.89-M Tris base, pH 8.3, 

0.89-M boric acid, 2-mM EDTA, pH 8.0. Autoclave and 
store at room temperature.

11. DNA loading buffer (10×): 50-mM Tris–HCl, pH 7.6, 60% 
glycerol and 0.25% (w/v) bromophenol blue. Store at room 
temperature in 1-ml aliquots.

12. SYBR® Safe DNA gel stain (10,000× concentrate, Invitrogen, 
Cat. no. S33102) store at room temperature in small aliquots.

1. pCRII TOPO, or pCR2.1 TOPO cloning kit (Invitrogen, Cat. 
no. K4650-01 or K4500-01): includes TOPO vector and 6× 
TOPO Salt buffer (1.2-M NaCl and 0.06-M MgCl2) with ligase.

2. Competent E. coli for transformation (see Note 2) (e.g. one 
shot chemical TOP 10 competent cells with TOPO cloning 
kit): store in 200-µl aliquots at −80°C.

3. LB (Luria Bertani) medium: combine 10 g of tryptone, 5-g yeast 
extract and 5-g NaCl in 1 L of dH2O, Adjust pH to 7.4 using 1-M 
NaOH, divide into 250-ml fractions in glass bottles and autoclave.

4. LB-agar plates: add 3.75 g of bactoagar to 250 ml of LB broth 
in a glass bottle, autoclave to dissolve and sterilise. To prepare 
LB-agar plates with 100-µg/ml ampicillin heat the LB-agar in 
a microwave to melt, swirl the LB-agar to ensure that it is com-
pletely dissolved and allow it to cool to around 37°C. Add 250 µl 
of 100-mg/ml stock ampicillin and pour into 10-cm disposable 
Petri dishes, using the aseptic technique. Flame the surface of 
agar plates with a Bunsen burner to remove bubbles, cover and 
allow to set. Store the plates inverted and wrapped in nescofilm 
at 4°C for up to 2 weeks. Before use pre-warm to 37°C by invert-
ing the Petri dish and placing it in a 37°C incubator, removing 
the condensate from the lid.

3.2.3. Subcloning, 
Plasmid Amplification 
and Analysis of Splice 
Variant Amplicons
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5. Ampicillin: prepare stock solution of 100 mg/ml in sterile dH2O. 
Store in 0.5-ml aliquots at −20°C. Use at a final concentration of 
100 µg/ml.

6. DNA miniprep plasmid purification: QIAprep spin miniprep 
kit (Qiagen, Cat. no. 27104).

1. As pre-mRNA splicing is dynamically regulated, the choice of cell 
type, culture conditions, tissue type and physiological status of the 
host animal can all determine the splice variants identified.

2. The procedures given below are designed to allow parallel 
processing of multiple cell culture samples (e.g. from 6-well 
plates) or multiple tissues.

The procedures are optimised for handling < 25 mg of tissue or 
1 × 105−1 × 106 cells to give < 50-µg total RNA. The tissues/cell 
lines contain different amounts of RNA, so pilot experiments 
with the system of interest to determine RNA content are useful 
in avoiding overloading of the RNA extraction method that can 
lead to RNA degradation and inefficient cDNA representation.

1. There is no substitute for good laboratory practice. Therefore 
ensure that the work area is tidy and clean and that waste is 
disposed of promptly. The lab bench should be swabbed with 
70% ethanol on a regular basis.

2. Keep all stocks in sterile containers and in aliquots sufficient for a 
single experiment. Sterilisation of containers and bulk buffer solu-
tions is routinely performed by autoclaving. For glassware used for 
RNA isolation wash in RNase-free water and autoclave.

3. Clean automatic pipettes regularly and use separate sets for 
PCR and RNA isolation.

4. Do not share stocks/aliquots between investigators/experiments.
5. Prepare all reagents with gloved (latex or nitrile) hands and 

ensure that gloves are replaced frequently. Wear a lab coat that 
is frequently laundered.

6. Use nuclease-free pipette tips with an integral filter to minimise 
cross-contamination.

7. Open Eppendorf and other tubes carefully. Avoid aerosols/leaks 
and clean immediately. For PCR tubes a PCR closing tool is useful 
to avoid gloved fingers coming into contact with the lid.

8. Wherever possible separate the following activities into different 
zones: RNA isolation and first strand cDNA synthesis, PCR, 
bacteria plate and growth.

3.3. Methods

3.3.1. General Design 
Considerations

3.3.1.1. Choice of 
Tissue/Cells

3.3.1.2. General 
Considerations to Minimise 
Risk of Contamination 
and Maintenance of an 
RNase-Free Environment
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1. PCR primers should be designed (e.g. Using Vector NTI 
software, Invitrogen) within known exons and to span known 
introns. The choice of the primer location will depend on the 
splice site(s) under investigation (Fig. 3.1).

2. Aim to generate amplicons between 0.2 and 1 kb in size for 
the splice variants you might expect for efficient PCR and sub-
sequent ligation into the cloning vector.

3. To facilitate downstream analysis (e.g. subcloning splice vari-
ant into full length channel construct for functional analysis) 
try and choose primers that flank two unique endonuclease 
restriction sites (see Note 3).

4. If primers do not span unique sites, engineer silent restriction 
sites, using unique restriction sites for endonucleases of high 
efficiency (e.g. KpnI, BamHI) in the respective forward and 
reverse primers.

5. Optimise primers based on the following criteria:
1. Design forward and reverse primers from available Genbank 

sequences for species of interest with primer length between 19 
and 25 bp, which prevents chances of cross-contamination (e.g. 
cloning a human when you are looking for mouse variants).

2. Design primers to span several known exons – for example 
some tissues previously considered ‘constitutive exons’ may 
in fact be regulated by alternative pre-mRNA splicing (15).

3. GC content should be between 40 and 60% and one should 
verify lack of secondary structure or primer dimer formation.

4. Melting temperature (Tm) should be between 50 and 65°C, 
determined from the relationship Tm = 4(G+C) + 2(A+T). Note: 
the primer and the Tm should be matched as closely as possible.

5. Include a C or G nucleotide at the 3′ end of each primer.
6. As amplicons will be subcloned into the TOPO vector do 

not use primers with 5′ phosphorylation.
7. BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/) 

your forward and reverse primers to verify the nucleotide 
sequence and specificity for the target gene.

6. Re-suspend primers in sterile autoclaved dH2O to 10 pmol/µl. 
Store as small (20 µl) aliquots in sterile 0.5-ml Eppendorf tubes 
at −20°C. Do not reuse opened aliquots as inappropriate prepa-
ration/storage of primers is a major source of contamination.

1. Remove the tissue of interest rapidly, using aseptic techniques 
to minimise cross-contamination of tissue. If tissues are to be 
dissected, use fresh scalpel blades to generate a small block of 
tissue sample (<25 mg).

2. Freeze the tissue block by placing it on a single layer of tin foil 
placed on a bed of dry ice pellets (see Note 4).

3.3.1.3. Design of PCR 
Primers for Splice Variant 
Analysis

3.3.2. Isolation of Total 
RNA from Tissues and 
Cells

3.3.2.1. Homogenisation 
of Small (<25 mg) Tissue 
Samples

http://www.ncbi.nlm.nih.gov/BLAST/
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3. If the tissue is not to be processed immediately, wrap the tissue 
loosely in labelled tin foil, place in pre-cooled plastic storage tube 
(50-ml Falcon tube) and store at −80°C until use (see Note 5).

4. Small frozen tissue sections can be conveniently crushed using a 
sharp blow from a small metal hammer, with the tissue wrapped 
in two layers of tin foil, and placed on a metal tray on a bed of 
dry ice.

5. (optional: if large >1-mm3 fragments remain). Rapidly transfer 
tissue fragments by ‘pouring’ into a pre-cooled RNase-free 
pestle and mortar, using the tin foil as a funnel, and grind to a 
fine powder.

6. Add 600 µl of pre-cooled Qiagen tissue homogenisation buffer 
(RLT) to lyse the tissue. Optionally, or if the solution becomes very 
viscous with genomic DNA, shear the lysate through an RNase-
free gauge 20 (20 g) needle and 1-ml syringe for 5–6 strokes.

7. Add 430-µl of 100% ethanol to the lysate and mix well by 
repeated pipetting using a 1-ml Gilson pipette.

8. Proceed to Subheading 3.3.2.3 below to purify RNA using 
an RNeasy spin column.

1. Remove all growth medium from the well (see Note 6) of 
6-well plate (1 × 105−1 × 106 cells) by holding the plate at 
∼30° angle and aspirate by using a suction line with a 20-g 
needle placed at the intersection between the well floor and 
wall at the bottom of the plate (see Note 7).

2. Add 600 µl of Qiagen RNA extraction buffer (RLT), which 
includes guanidium thiocyanate salts that inhibit RNases (see 
Note 8), and repeatedly triturate the lysate over the well to 
remove all the lysed cells. Drain the lysate to the base of well as 
above (see Note 9), transfer the lysate to an RNase-free 1.5-ml 
Eppendorf tube and vortex vigorously for 10 s.

3. If the solution has visible cell clumps or becomes very viscous 
with genomic DNA, shear the lysate through an RNase-free 
20-g needle and 1-ml syringe for 5–6 strokes.

4. Add 430-µl of 100% ethanol to the vortexed lysate and mix well 
by repeated pipetting, using a 1-ml Gilson pipette. DO NOT 
CENTRIFUGE. In some cell lines a small precipitate may result; 
if this is the case, transfer any precipitate with the lysate to the 
next step. This has no effect on the final RNA yield/purity.

5. Proceed to Subheading 3.3.2.3 below to purify RNA using 
an RNeasy spin column.

1. Transfer ∼700 µl of the tissue (from Subheading 3.3.2.1) or 
cell (from Subheading 3.3.2.2) lysate into an RNeasy mini 
spin column by pipetting the lysate directly onto the filter. 

3.3.2.2. Homogenisation 
of Cultured Cells 
in Monolayer

3.3.2.3. Purification of RNA 
Using Qiagen RNeasy Mini 
Spin Columns
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Label the spin columns with a permanent marker on the side 
when processing multiple samples.

2. Place the spin column in the supplied 2-ml collection tube 
and place it carefully in the centrifuge rotor. Centrifuge at 
∼10,000×g for 15 s at room temperature (21–24°C) to bind 
the RNA to the silica membrane.

3. Carefully remove the filter from the collection tube, discard 
the flow through (see Note 10) and repeat steps 2 and 3 for 
the remaining lysate using the same collection tube.

4. Add 700 µl of Qiagen RW wash buffer to the spin column. 
Centrifuge at ∼10,000×g for 15 s at room temperature (21–24°C). 
Remove the filter carefully from the collection tube and dis-
card the flow through.

5. Add 500 µl of Qiagen RPE wash buffer to wash the RNe-
asy spin column membrane. Centrifuge at ∼10,000×g for 15 s 
at room temperature (21–24°C). Carefully remove the filter 
from the collection tube and discard the flow through.

6. Re-centrifuge spin column at 10,000×g for 2 min at room tem-
perature (21–24°C). This step dries the spin column mem-
brane to ensure that no RPE buffer or ethanol carries through 
which could otherwise inhibit downstream cDNA synthesis 
etc. Ensure that the spin column membrane and column are 
completely dry. Remove the spin column carefully to avoid any 
solution coming into contact with the spin column outflow.

7. Place the spin column in a fresh 1.5-ml collection tube. Add 
20–40 µl RNase-free water to the centre of the spin column 
membrane and leave for 1 min. Centrifuge at 10,000×g for 
1 min at room temperature (21–24°C) to elute the RNA.

8. (optional) Reload eluate onto the spin column and centrifuge as 
in step 7. This ensures complete RNA removal from the mem-
brane and can increase concentration of the final eluate although 
the final total yield may be decreased, compared to using a 
second aliquot of RNase-free water.

1. Clean quartz cuvettes (path length 1 cm) with RNase-free 
water. Blank spectrophotometer absorbance at wavelength of 
260 nm with 10-mM Tris–HCl, pH 7.0.

2. Dilute the RNA sample in 10-mM Tris–HCl, pH 7.0 in an 
RNase-free Eppendorf tube and vortex well. Place it in the 
same quartz cuvette used to blank spectrophotometer, ensuring 
that the cuvette has been washed extensively with RNase-free 
water and drained by inverting on a clean paper tissue.

3. Read absorbance at 260 nM and calculate the RNA concentra-
tion based on 1 absorbance unit at 260 nM = 40-µg RNA per ml 
(see Note 11).

3.3.2.4. Spectrophoto-
metric Determination of 
RNA Quantity and Purity
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4. Set the spectrophotometer to 280-nm wavelength and re-blank 
as in step 1.

5. Using the same dilution of RNA read absorbance at 280 nm as 
above.

6. Calculate the A260/A280 ratio. A ratio of between 1.9 and 
2.1 indicates clean RNA, ratios considerably away from these 
values indicate contamination, e.g. by protein (see Note 12).

This is highly recommended if you are new to RNA isolation or 
have concerns about the quality of RNA generated. Under most 
conditions the RNA generated is of very high quality and integrity 
and this step can be excluded once the procedure becomes routine, 
particularly if handling multiple samples.

1. Use a horizontal gel electrophoresis tank reserved for RNA analy-
sis and clean it by rinsing in 0.5% SDS, wash extensively in RNase-
free water, then rinse in 100% ethanol and allow to air dry.

2. To prepare 60 ml (sufficient for a standard 10 × 14 × 0.7 cm 
gel tray) of a 1.2% agarose gel place 6 ml of 10× RNA gel 
buffer (RGB) and 54-ml RNase-free water into an RNase-
free 250-ml conical glass flask and sprinkle 0.72 g of 
ultrapure agarose onto the surface of the solution.

3. Loosely place a plastic cap onto the flask (to reduce evapora-
tion) and heat in a microwave at 750 W for a total of 2–4 min 
until the agarose has completely dissolved. Approximately 
every 1-min swirl the flask, using thermal waterproof gloves, 
to ensure complete mixing. Ensure that the superheated 
agarose does not overspill the flask, or that the cap becomes 
too tight resulting in pressure build up.

4. Once the agarose is clear, with no visible lumps/grains, cool 
the flask under running water or in a water bath with constant 
swirling to ∼65°C (should still be hand hot but one should be 
able to hold it comfortably for >10 s without thermal gloves).

5. Immediately upon cooling (see Note 13), in a fume hood, 
add 1.8 ml of 37% formaldehyde (12.3 M) and 1 µl of a 
10-mg/ml ethidium bromide solution with constant swirl-
ing. Gently pour into the gel tray with appropriately sized 
comb to produce wells with ∼30-µl capacity.

6. Place the gel tray on a flat surface, remove air bubbles from 
the comb and gel using an RNase-free 200-µl (yellow) Gilson 
pipette tip. Allow the gel to completely set (typically 30 min).

7. Place the gel in the electrophoresis tank, slowly pour in 1× 
RNA gel running buffer (RGRB, prepare a 1-L fresh solu-
tion containing 100 ml of 10× RNA gel buffer, 20 ml of 37% 
(12.3 M) formaldehyde and 880 ml of RNase-free water in a 
fume hood) so that the gel is just (1–2 mm) covered by the 
buffer. Carefully remove the comb ensuring that the well 

3.3.2.5. Quality of RNA 
Determined by Denaturing 
Gel Electrophoresis
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bottoms are intact and gently wash wells using 1× RGRB 
buffer and an RNase-free Gilson pipette tip.

 8. Let the gel equilibrate for ∼30 min while preparing the RNA 
samples.

 9. Dilute the RNA sample to approximately 10 µg/20 µl in RNase-
free water and add 5 µl of 5× RNA loading buffer to the 20 µl of 
RNA sample, mix well, denature for 5 min at 65°C in a water bath 
and chill on ice for 5 min (see Note 14). Briefly centrifuge for 10 s 
at 10,000×g at 4°C before applying to the well of gel. Insert the 
pipette tip halfway into the gel and eject slowly to avoid spill over, 
while ensuring that the pipette does not pierce the gel.

10. Connect the electrodes so that the RNA will migrate towards 
the anode (positive, red lead).

11. Run the gel at ∼100 V (5 V/cm) in a fume hood until the 
lower bromophenol blue dye has migrated approximately 
2/3rds down the gel. Do not run at high voltages; this smears 
the RNA bands and can cause gel overheating resulting in 
release of formaldehyde and gel distortion (if the gel begins 
to overheat, reduce the voltage).

12. Visualise the gel on the UV transilluminator. The 28S and 18S 
ribosomal (rRNA) bands (Fig. 3.2) should be sharp with no 
evidence of smearing in between that indicates RNA degrada-
tion. The 28S band should have an intensity approximately 
twice that of the 18S band; the 28S rRNA is more labile, so 
equal intensities of 28S and 18S indicate RNA degradation.

Although RNA can be stored frozen in RNase-free water for up 
to a year at −80°C by avoiding freeze thaw cycles, we prefer to 
store RNA as a precipitate under ethanol.
1. To 20 µl of purified RNA add 140 µl of RNase-free water and 

16 µl of 3-M sodium acetate, pH 5.2 in an Eppendorf tube.
2. Add 1 ml of 100% ethanol, stored at −20°C, and vortex vigor-

ously for 10 s.
3. Leave in −20°C freezer for 1 h, centrifuge at >10,000×g and 

carefully discard the supernatant (see Note 15).
4. Add 0.5 ml of 100% ethanol and store in a −80°C freezer until 

use.
5. To reuse the RNA, centrifuge at >10,000×g and carefully discard 

the supernatant. Invert the tube and allow to air dry at room 
temperature to ensure that all the ethanol has evaporated (see 
Note 16).

6. Add 20 µl of RNase-free water and gently wash the back of the 
Eppendorf tube by rolling a bead of solution against the tube 
wall using the Eppendorf tip.

7. Place on ice until use.

3.3.2.6. Storage of RNA
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For most subsequent applications this is not required, especially 
as you will be using primers that span introns. However, for high 
sensitivity techniques such as qRT-PCR, using primers that do 
not span introns and for very low mRNA abundance targets, this 
procedure may be required.
1. To a 0.5-ml RNase-free Eppendorf tube on ice add:

(a) 1 µg/µl of eluted RNA 10 µl

(b) 10× DNase 1 reaction buffer 2 µl

(c) RNA-free DNase 1 0.5 µl (∼1 Kunitz unit)

(d) RNase-free water to 20 µl

2. Incubate for 15 min at room temperature.
3. Heat inactivate DNase 1 at 65°C for 10 min (see Note 17), place 

on ice.
4. Use directly in reverse transcription reaction below (optionally 

can re-clean up RNA by going to Subheading 3.3.2.2, step 2).

3.3.2.7. Eliminating Trace 
Genomic DNA from RNA 
Using DNase 1 (Optional)

Fig. 3.2. Representative ethidium bromide stained denaturing agarose gel of total RNA purified from murine AtT20 cor-
ticotroph cells. Lanes 1–6 indicate the reproducibility of high quality total RNA isolation following direct lysis of AtT20 
cells from replicate wells of a 6-well cluster plate using Qiagen RNA extraction buffer RLT as described in Subheading 
3.3.2.2. Note the prominent bands representing the 28S and 18S ribosomal RNA bands with the upper 28S band having 
increased intensity compared to the 18S band. Lanes a–c are from AtT20 cells assayed in parallel however cells were 
first lysed in cell lysis buffer (Qiagen buffer RLN; see Note 8) without any RNase inhibitors in the solution. Crude cell 
lysates were then left at room temperature for 5 min (lanes a, b) or 30 min (lane c) before subsequent addition of Qiagen 
RNA extraction buffer (RLT) to homogenise cells and inactivate RNase and RNA and then processed as above. In a and b, 
note the smearing of RNA resulting from ribosomal RNA fragmentation and decreased intensity of the 28S band relative 
to the 18S bands. In panel c, the 28S and 18S bands are indistinguishable and the RNA is badly degraded resulting in a 
near continuous smear of ribosomal RNA.
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Qiagen Omniscript reverse transcriptase (see Note 18) is opti-
mised for generating cDNA from 50 ng to 2 µg of starting RNA. 
The protocol below uses a mix of oligo-dT and random primers 
to prime the reverse transcription reaction at high efficiency with 
good cDNA representation (see Note 19). Thaw all the reac-
tion components at room temperature (apart from the Omnis-
cript enzyme), vortex vigorously to mix, centrifuge for 10 s at 
10,000×g to collect the liquid at the bottom of the tube and keep 
in ice/water bath.
 1. Prepare RNA stock at 1 µg/µl using RNase-free water on ice 

(see Note 20). Denature at 65°C for 5 min in heating block, 
spin the condensate at 10,000×g for 10 s and store on ice.

 2. Remove the Omniscript from the −20°C freezer and place it 
in a−20°C freezer block throughout to retain activity.

 3. Prepare a master mix of reagents on ice in the order below 
(This is for a final volume of 20 µl/reaction. Make a 10% 
excess of the master mix, e.g. if the master mix is required for 
10 reactions, make enough for 11 reactions.):

Component Volume per reaction Final

(a) 10× RT buffer 2 µl 1×

(b) 5-mM dNTP mix 2 µl 0.5-mM each dNTP

(c)  100-µM random 
hexamer

2 µl 10 µM

(d)  10-µM oligo-dT 
primer

2 µl 1 µM

(e) 10-U/µl RNAsin 1 µl 1 U/reaction

(f)  40-U/µl 
Omniscript RT

1 µl 4 U/reaction

(g) RNase-free water 9 µl

Total 19 µl/reaction

4. Mix the master mix well by vortexing for 5 s.
5. Distribute 19 µl of the master mix to individual 0.5-ml RNase-

free Eppendorf tubes on ice, gently close caps after addition.
6. Add 1 µg of the template RNA to each tube. Include a no template 

control to prevent contamination of any stock reagents used in the 
reverse transcription reaction. To minimise cross-contamination, 
when processing multiple samples, open the reaction tube only 
when the respective RNA aliquot is required; close the cap fully 
before opening a new RNA source.

7. Mix by vortexing for 5 s, centrifuge for 5 s at 10,000×g to collect 
the residual liquid.

3.3.3. First Strand 
cDNA Synthesis and 
PCR Amplification 
of Splice Variants

3.3.3.1. Reverse Transcrip-
tion Using Qiagen Omnis-
cript Reverse Transcriptase
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 8. Incubate in heating block (or thermocycler) at 37°C for 
60 min.

 9. Place on ice for 5 min, and centrifuge for 5 s at 10,000×g to 
collect the condensate.

10. Add 80-µl of nuclease-free water to each reaction tube to 
give a final volume of 100 µl (i.e. 1/5th dilution). Aliquot 
into 10-µl fractions on ice and place cDNA at −20°C for 
long term storage.

In this assay, we use Taq DNA polymerase rather than a proofread-
ing polymerase to amplify cDNA templates under the optimised 
condition because less than 1-kb amplicons are expected, and also 
because amplicons will be subsequently TOPO subcloned. This 
ensures that the amplicons have enough 3′ adenine overhangs 
(see Note 21).
1. Thaw all the reaction components at room temperature (apart 

from the Taq DNA polymerase enzyme), vortex vigorously to 
mix, centrifuge for 10 s at 10,000×g to collect the liquid at the 
bottom of the tube and keep on ice/water bath. Remove the 
Taq DNA polymerase from the −20°C freezer and place in a 
−20°C freezer block until use.

2. Prepare a PCR master mix on ice as given below for a reaction 
(see Note 22) (make enough master mix for the number of 
reactions required plus an extra 5%):

Component
Volume per 
reaction (µl) Final

(a) 10× PCR buffer w/o Mg 2.0 1×

(b) 25-mM dNTP mix 0.5 0.2-mM each dNTP

(c) 50-mM MgCl2 0.5 1.25 mM (see Note 22)

(d) 10-pmol/µl forward primer 0.5 5 pmol

(e)10-pmol/µl reverse primer 0.5 5 pmol

(f) 5-U/µl Taq DNA polymerase 0.5 2.5 U

(g) Sterile water 14.5

3. Mix the master mix well by vortexing for 5 s.
4. Distribute 19 µl of the master mix to individual 0.2-ml thin-

walled PCR tubes on ice, gently close caps after addition (see 
Note 23).

5. Add 1 µl of template (10–50 ng) first strand cDNA from stored 
RT reaction to each tube (i.e. ∼1/100 dilution of the initial 
RNA prepared).

3.3.3.2. PCR Amplification 
of Splice Variant cDNAs 
from Reverse Transcribed 
RNA
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 6. Including the following PCR controls:
(a) No reverse transcription cDNA template to ensure that 

there is no genomic DNA or other cDNA contamination.
(b) Purified RNA input to ensure that there is no genomic 

DNA or other cDNA contamination.
(c) Positive control template (plasmid cDNA) to confirm 

PCR amplification (see Note 24).
 7. Mix by vortexing for 2 s, centrifuge for 5 s at 10,000×g to 

collect the residual liquid.
 8. Denature DNA at 94°C for 2 min in a thermal cycler (see 

Note 25).
 9. Perform PCR using the following cycling parameters for 

25–35 cycles (see Note 22):
(a) Denature at 94°C for 40 s.
(b) Anneal at 55°C for 45 s.
(c) Extend at 72°C for 1 min (1 min/kb).

10. Final extension at 72°C for 7 min, then maintain cycler at 
4°C until use (see Note 26).

11. For long term storage, store amplicons at −20°C.

The percentage of agarose used is dependent upon the amplicon 
sizes expected and the level of discrimination required between 
amplicon bands. For example, using a 1.5% agarose gel effectively 
separates amplicons between 0.5 and 1.0 kb. However, increasing 
agarose to 4% allows amplicons of ∼5% difference in nucleotide 
length (in amplicons of around 0.5 kb) to be effectively discriminated.

1. Prepare 60 ml (sufficient for a standard 10 × 14 × 0.7 cm gel 
tray of a horizontal gel electrophoresis tank) of a 1.5% agarose 
gel by placing 6 ml of 10× DNA gel buffer (TBE) and 54 ml 
of distilled water into a 250-ml conical glass flask and sprinkle 
0.9 g of ultrapure agarose onto the surface of the solution.

2. Loosely place a plastic cap onto the flask (to reduce evapora-
tion) and heat in a microwave at 750 W for a total of 2–4 min. 
until the agarose has completely dissolved. Approximately 
every 1 min. swirl the flask, using thermal waterproof gloves, 
to ensure complete mixing and to ensure that the superheated 
agarose does not overspill the flask or that the cap does not 
become too tight resulting in a pressure build up.

3. Once the agarose is clear, with no visible lumps/grains, cool 
the flask under running water or in a water bath with constant 
swirling to ∼65°C (should still be hand hot but one should be 
able to hold it comfortably for >10 s without thermal gloves).

4. After cooling, add dH2O to 60 ml if the volume has decreased 
and add 6 µl of SYBR® Safe (see Note 27) with constant swirling. 

3.3.3.3. DNA Agarose Gel 
Electrophoresis of Splice 
Variant Amplicons
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Gently pour into the gel tray with appropriately sized comb 
(to produce wells with ∼30-µl capacity) to a depth of approx-
imately 5 mm.

 5. Place the gel tray on a flat surface, and immediately remove 
air bubbles from the comb and gel using a 200-µl (yellow) 
Gilson pipette tip. Allow the gel to completely set (typically 
15–30 min).

 6. Place the gel in the electrophoresis tank, slowly pour in 
1× TBE buffer (prepared by diluting 10× TBE buffer in 
dH2O) so that the gel is just (1–2 mm) covered by the buffer. 
Carefully remove the comb ensuring that the well bottoms 
are intact and gently wash the wells using TBE buffer and a 
yellow Gilson pipette tip.

 7. Mix an aliquot (typically 10 µl) of each PCR reaction with 
10× DNA loading buffer (see Note 28) using a pipette tip. Insert 
the pipette tip half way into the gel and eject slowly to avoid spill 
over, ensuring that the pipette does not pierce the gel.

 8. Include an appropriate DNA marker ladder (e.g. range 100–
1,000 bp in 100-bp steps) for determination of amplicon size.

 9. Connect the electrodes so that the DNA will migrate towards 
the anode (positive, red lead).

10. Run the gel at ∼100 V (5 V/cm) until the lower bromophe-
nol blue dye has migrated approximately 2/3rd down the 
gel (typically for ∼45 min for 10 × 14 cm gel). Duration will 
need to be modified according to the expected amplicon size 
and percentage of the agarose gel used.

11. Using gloved hands visualise the DNA gel on the UV tran-
silluminator/imaging system. Ensure that the DNA is not 
overexposed as UV will nick DNA if amplicons are to be 
isolated/re-amplified from gel (see Subheading 3.3.4.2). 
Adjust brightness and contrast to optimise image. If DNA 
bands are not well separated the gel can be placed back in 
the electrophoresis tank and re-run further.

To provide highly efficient and high throughput subcloning of 
amplicons we prefer to use a ‘shot-gun’ TOPO subcloning strat-
egy – this allows efficient subcloning of multiple splice variant 
amplicons generated in a single PCR reaction without the need 
to separate individual amplicons by DNA gel electrophoresis. 
We do not recommend purifying DNA amplicons from DNA agarose 
gels as this significantly reduces TOPO cloning efficiency. Use 
fresh PCR reaction products wherever possible. However, 
smaller amplicons are more efficiently ligated into TOPO vectors 
than large amplicons. Amplicons of interest may be of very low 
abundance and hence, using the ‘shot-gun’ strategy may result 
in poor representation of these transcripts in the ligated plasmid 

3.3.4. Subcloning, 
Plasmid Amplification 
and Analysis of Splice 
Variant Amplicons
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population. In this case we use a direct gel amplification/sub-
cloning strategy (Subheading 3.3.4.2).

1. Set up the following reagents in a sterile 0.5-ml Eppendorf 
tube for each PCR product:

Component Volume per reaction

(a) 6× TOPO cloning buffer 1 µl

(b) TOPO pCRII vector 1 µl

(c) PCR reaction (1–4 µl)

(d) dH2O to 6-µl final volume

2. Mix gently with a pipette tip and incubate at room temperature 
for 15 min.

3. Proceed immediately to transformation of chemically competent 
E. coli (Subheading 3.3.4.3) (see Note 29).

To avoid screening a large number of colonies, we use a separate 
strategy to clone fragments with apparent low abundance when 
visualised on DNA agarose gels (see Note 30).
1. Insert the tip of a sterile 20-µl (yellow) Gilson pipette into the 

DNA agarose gel with the isolated amplicon band visualised 
under brief UV illumination.

2. Move the tip up and down 2–3 times to capture the sample of 
amplicon.

3. Use this directly as a TOPO cloning template in Subheading 
3.3.4.1, step 1.

4. Alternatively, use the amplicon/gel sample as a PCR template to 
re-amplify the fragment as described in Subheading 3.3.3.2. 
Subject the re-amplified products to TOPO cloning as above 
(see Note 31).

1. Chemically competent cells are stored in a –80°C freezer as 
individual 200-µl aliquots in a 1.5-ml Eppendorf tube (see 
Note 2). Thaw competent cells on ice/water bath. DO NOT 
ALLOW TO THAW AT ROOM TEMPERATURE. Do not 
mix or vortex as competent cells are very fragile.

2. Transfer 1–4 µl of fresh TOPO reaction to an aliquot of competent 
cells, mix by stirring very gently using pipette tip on ice and incu-
bate for 30 min on ice. Set up negative (no amplicon) and positive 
(10-ng circular plasmid with ampicillin resistance) reactions.

3. Heat shock cells at 42°C in a water bath (do not use heating 
block) to ensure good thermal equilibration for 45 s.

3.3.4.1. ‘Shot-Gun’ Cloning 
of PCR Amplicons Using 
TOPO Cloning

3.3.4.2. Amplification and 
Cloning of Low Abundance 
or Large Amplicons

3.3.4.3. Transformation 
of Chemically Competent 
E. Coli TOP 10 Cells
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4. Immediately place tubes in ice/water bath for 2 min.
5. Add 250 µl of pre-warmed LB broth at 37°C. (Do not include 

selection antibiotic.)
6. Transfer capped tubes to a 37°C incubator for 1 h after shaking 

(220 rpm).
7. Spread (see Note 32) 50–200 µl of each transformation onto a 

pre-warmed (see Note 33) LB-agar plate containing 100-µg/
ml ampicillin as selection.

8. Place the inverted LB-agar plate in an incubator overnight at 37°C.
9. Plates with colonies can be stored inverted, sealed with nescofilm 

at 4°C for a week. However it is best to continue immediately 
if possible.

1. Select well separated colonies and identify them using a per-
manent marker to circle and number the colony on the under-
side of the LB-agar plate. Choose colonies of ∼1-mm diameter 
with no satellite colonies.

2. Prepare PCR master mix and aliquot into PCR tubes as indi-
cated in Subheading 3.3.3.2.

3. Carefully pick part of each selected colony using a sterile 10-µl 
pipette tip.

4. In place of adding cDNA aliquot carefully dip pipette tip with 
the selected colony into the PCR mix in the labelled PCR 
tube. Agitate the pipette tip up and down 3–4 times to mix.

5. Run the PCR (Subheading 3.3.3.2) and characterise amplicons 
by DNA agarose gel electrophoresis (Subheading 3.3.3.3).

6. Drop the pipette tip into 3-ml LB broth with ampicillin selection 
and incubate overnight for subsequent miniprep isolation of 
plasmid DNA (Subheading 3.3.4.5)

7. Choose splice variants based on different amplicon sizes to 
take the process forward for plasmid DNA amplification.

1. The following protocol utilises the Qiagen QIAprep spin 
miniprep kit isolation based on alkaline lysis of bacteria and 
capture and purification of DNA on silica membranes.

2. Prepare 5-ml aliquots of LB broth containing 100-µg/ml of ampi-
cillin as selection antibiotic in a 15-ml loose capped sterile tube.

3. Pick a single PCR positive colony from the LB-agar plate using 
a sterile 20-µl pipette tip (or a pipette tip from the PCR col-
ony screen in Subheading 3.3.4.4, step 4 above) and place 
the pipette tip in the LB broth.

4. Incubate overnight (maximum 16 h) in a 37°C incubator with 
shaking (220 rpm) or using a roller drum.

5. Place the LB broth on ice, remove the 1.5-ml aliquot into an 
Eppendorf tube and spin at 10,000×g for 30 s.

3.3.4.4. PCR Screening of 
Bacterial Colonies to Iden-
tify Subcloned Amplicons

3.3.4.5. Plasmid DNA 
Miniprep Isolation 
of Positive Clones by 
Alkaline Lysis
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 6. Carefully remove all the supernatant by aspiration (see Note 34) 
and re-suspend the bacteria pellet in 250 µl of buffer P1 by 
vigorously vortexing it for 10 s and incubate for 5 min at 
room temperature.

 7. Add 250-µl of buffer P2 and mix by gently inverting the 
tube six times to lyse the bacteria, denature the plasmid and 
bacterial chromosomal DNA and solubilise the protein. DO 
NOT VORTEX as this will shear the chromosomal DNA.

 8. Within 5 min of step 7 add 350 µl of buffer N3 and mix 
immediately by inverting six times (see Note 35).

 9. Centrifuge for 10 min at 14,000×g to pellet insoluble material.
10. Apply supernatant from step 9 to a QIAprep spin column 

and centrifuge at 14,000×g for 1 min at room temperature. 
Discard the flow through.

11. Wash the column with 750-µl PE buffer followed by centrif-
ugation at 14,000×g for 1 min at room temperature. Discard 
the flow through. Recentrifuge the spin column for 1 min to 
remove any residual wash buffer.

12. Elute the plasmid DNA by adding 50 µl of dH2O to the 
centre of the silica membrane and allow it to stand for 1 min. 
Centrifuge at 14,000×g for 1 min at room temperature into 
a fresh, sterile 1.5-ml Eppendorf tube.

13. Determine plasmid DNA concentration in the eluate (Sub-
heading 3.3.4.6) (see Note 36). Store plasmid DNA at 4°C, 
or −20°C for long term storage.

1. Clean quartz cuvettes (path length 1 cm) with dH20. Blank 
spectrophotometer absorbance at wavelength of 260 nm 
with 10-mM Tris–HCl, pH 7.0.

2. Dilute the DNA sample in 10-mM Tris–HCl, pH 7.0 in 
an Eppendorf tube and vortex well. Place in same quartz 
cuvette used to blank the spectrophotometer ensuring 
that the cuvette has been washed extensively with dH2O and 
drained by inverting on a clean paper tissue.

3. Read absorbance at 260 nm and calculate the DNA concen-
tration based on 1 absorbance unit at 260 nm = 50-µg dou-
ble stranded DNA per ml.

4. Set the spectrophotometer to 280-nm wavelength and re-
blank as in step 1.

5. Using the same dilution of DNA read absorbance at 280 nm 
as above.

6. Calculate the A260/A280 ratio. A ratio of between 1.7 and 
2.0 indicates clean DNA, ratios considerably away from these 
values indicate contamination, e.g. by protein.

7. Prepare a 2-µg aliquot of DNA (typically at 100 ng/µl) for 
automated DNA sequencing (see Note 37).

3.3.4.6. Determination of 
DNA Quality and Concen-
tration for DNA Sequencing
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1. Ethidium bromide (EtBr) is mutagenic; handle all solutions and 
gels with care using gloves. Solutions containing EtBr should 
be decontaminated (e.g. by passing through an activated carbon 
filter cartridge to remove the EtBr) before disposal.

2. Competent cell stocks can be prepared using the rubidium 
chloride method. Competent cells are very fragile so keep the 
cells and solutions on ice at all times and pipette slowly and 
carefully. Grow a 250-ml culture of E. coli to an OD600 of 0.4–
0.6 in the presence of 20-mM MgS04. Pellet the cells by cen-
trifugation at 4,500×g for 5 min at 4°C. Gently re-suspend cells 
in 100 ml of freshly prepared, ice cold TFB1 buffer (30-mM 
potassium acetate, 10-mM CaCl2, 50-mM MnCl2, 100-mM 
RbCl, 15% glycerol, pH 5.8 with 1-M acetic acid. Filter sterilise). 
Incubate the cells on ice for 5 min and re-pellet as above. 
Gently re-suspend the cells on ice in 10 ml of freshly prepared 
buffer TFB2 (10-mM MOPS, 75-mM CaCl2, 10-mM RbCl, 
15% glycerol, pH 6.5 with KOH. Filter sterilise). Incubate 
cells on ice for 30 min and gently aliquot 200 µl into pre-chilled 
1.5-ml Eppendorf tubes. Snap freeze on dry ice/isopropanol 
bath and store immediately at −80°C. Cells should be competent 
for at least 3 months.

3. For example, when cloning splice variants at site C2 we took 
advantage of unique PacI and BlpI restriction sites flanking 
the C2 splicing site.

4. This should only be used for tissue blocks 2–3 mm thick to 
ensure rapid freezing. If using thicker (e.g. 5 × 5 × 5 mm) tissue 
blocks it is best to freeze in liquid nitrogen. However, use of 
liquid nitrogen is not convenient when a large number of tis-
sues are to be processed in parallel; in this case label a grid on 
tin foil placed on ice to freeze multiple tissues. For large tis-
sue pieces (e.g. whole mouse brain) grind the tissue to a fine 
powder in liquid nitrogen using a RNase-free glass pestle and 
mortar that has been pre-chilled with liquid nitrogen. Only 
a small fraction of the powder (∼25 mg) is required for RNA 
isolation using RNeasy mini columns that have a RNA bind-
ing capacity of 50–100 µg of RNA.

5. Wherever possible process the tissue immediately to reduce 
likelihood of RNA degradation. Once tissues are homog-
enised in the RNA extraction buffer, the RNases are inacti-
vated. Commercially available RNA stabilisation solutions are 
available to allow tissue storage at 4°C (e.g. RNAlater from 
Qiagen). However we find freezing and rapid processing are 
as convenient and reliable.

3.4. Notes
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 6. It is essential to completely remove all growth medium; oth-
erwise this can reduce RNA isolation and purification at later 
stages by interfering with efficient RNA binding to RNeasy 
membrane. An optional rapid wash step with PBS can be 
used, but again all PBS must be removed to avoid dilution.

 7. We prefer to use the direct lysis method rather than removing 
cells by trypsinisation followed by pelleting. Not only does 
the latter take longer, and include more steps, but thedetach-
ment of cells and rounding up can cause dramatic changes 
in RNA expression during the time required to pellet cells 
before lysis.

 8. An alternative approach with tissue culture cells is to extract 
cytoplasmic RNA and remove genomic DNA by pelleting 
cell nuclei. This can help if genomic DNA contamination 
is an issue but the procedure results in cells being exposed 
to conditions under which RNase activity may affect the 
mRNA profile before the lysate is homogenised in guanidium 
thiocyanate containing buffer. For this procedure add 175 µl 
of pre-cooled Qiagen cell lysis buffer (RLN) to lyse the cell 
membranes. Triturate and repeatedly wash the RLN buffer 
across the well to ensure the complete removal of cells by 
holding the plate at a 30° angle to allow the solution to 
drain to the base of the plate. The solution should clear rap-
idly indicating immediate cell lysis. Transfer the lysate to an 
RNase-free Eppendorf tube pre-cooled on ice/water bath 
and incubate at 4°C for 5 min to ensure complete lysis of 
cells. Centrifuge the lysate at 300×g for 2 min at 4°C to pellet 
the nuclei and large cell debris. Transfer the supernatant to 
a fresh RNase-free Eppendorf tube and proceed from Sub-
heading 3.3.2.2, step 2.

 9. Many protocols recommend using a rubber policeman/cell 
scraper to remove lysed cells. We do not recommend this as 
highly efficient lysis/cell removal is achieved by triturating 
cells from wells and significant amounts of material can be 
lost in small wells by adherence to the scraper.

10. While discarding flow through, it is convenient to place the 
filter in an RNase-free Eppendorf in a rack for convenience 
while handling the collection tube. As RW1 and RPE buffer 
contain guanidium thiocyanate do not dispose of these buffers 
using bleach or strong acid.

11. This relationship is only valid at neutral pH in a low salt 
buffer. Typically dilute 4 µl of the final RNA eluate from an 
RNAeasy column in 996 µl 10-mM Tris–HCl, pH 7.0 to 
achieve an absorbance reading between 0.1 and 1.0. If the 
reading is above or below these values, adjust the RNA input 
to ensure reliability of measurements.
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12. The ratio is influenced by pH and should be performed in 
low salt buffers. Ratio is optimally determined at pH 7.5 
in these cases. However use of the same RNA dilution in 
neutral 10-mM Tris–HCl saves time and RNA and gives a 
reliable indication of purity.

13. Formaldehyde is toxic and is volatile. Ensure that the gel 
solution is cooled, but not starting to set, before addition.

14. RNA loading buffer is used to denature the RNA; increase 
the density of the sample to ensure that it sinks into the well 
(ensure that you do not have residual ethanol as this will 
cause the sample to float out of the well and furthermore 
ensure that wells are well washed) and add dyes that migrate 
through the gel to monitor the extent of electrophoresis. 
RNA gels are run at neutral pH, using MOPS buffer that 
has high buffering capacity at pH 7.0, as RNA is susceptible 
to degradation at high pH and RNA has a lower pKa than 
DNA. However, single stranded RNA can display a high sec-
ondary structure, which is why formaldehyde is used to keep 
the RNA denatured throughout.

15. RNA will tend to smear down the back of the Eppendorf tube 
and appear colourless. To aid orientation, place the Eppendorf 
so that the hinge is pointing to the outside of the rotor; the 
RNA will then smear down the wall of the tube below the 
hinge.

16. Avoid overdrying or heating to speed evaporation. Over-
dried RNA pellets can be difficult to re-suspend in water and 
elevated temperatures can accelerate RNA degradation.

17. Many protocols include addition of 2.5-mM EDTA final 
concentration to stop reaction. However, care must be taken 
while doing this, as too much EDTA can reduce the efficiency 
of subsequent reverse transcription reactions and heat inacti-
vation is sufficient. Do not exceed the time/temperature of 
inactivation as otherwise the RNA may become degraded.

18. Omniscript reverse transcriptase is an RNA-dependent DNA 
polymerase (reverse transcriptase) enzyme that drives first 
strand cDNA synthesis. The enzyme also contains RNase 
H activity that degrades RNA in duplex with cDNA, thus 
removing the parental RNA template from the RNA:DNA 
hybrids. If we are isolating RNA from very small samples 
where recovered RNA may be <100 ng then we routinely 
use Sensiscript reverse transcriptase from Qiagen.

19. Three different types of primers can be used (1) oligo-dT 
primer that anneals to the 3′ polyA tail of mRNAs. However, 
subsequent analysis of splice variants at the 5′ end of the 
mRNA may be misrepresented due to reduced efficiency for 
long transcript length (especially if mRNAs for the target 
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of interest are >1.5 kb); (2) random primers are short (typi-
cally hexamers) sequences of DNA that bind along the RNA 
molecule and thus reverse transcribe polyA+ and polyA− 
transcripts. In general random primers can produce shorter 
length cDNAs but with good coverage across the mRNA; (3) 
gene specific primers can be used if only one target is being 
amplified; this can improve sensitivity but careful choice of 
primer is necessary to ensure good representation of subse-
quent cDNA and besides other targets cannot be amplified 
in the subsequent PCR. If using gene specific primers, use a 
final concentration of 1 µM.

20. DEPC can inhibit the RT reaction. So ensure that if RNase-
free water was treated with DEPC, that it has also been well 
autoclaved to remove any residual DEPC.

21. While Taq DNA polymerases do have a higher error rate as 
compared to proof reading polymerases such as Pfu, Taq 
polymerase is required to incorporate overhanging adenines 
to amplicons to facilitate efficient downstream TOPO clon-
ing. It is possible to use a mix of Taq and proof reading 
enzymes. However, when amplifying amplicons of <1 kb, and 
analysing multiple amplicons followed by sequencing, we have 
not experienced any PCR error rate problems by using com-
mercial Taq enzymes as compared to hybrid formulations.

22. Buffer and cycling parameters must be optimised prior to use. We 
typically design primers to have an annealing temperature (Tm) 
of 60°C and then run optimisation PCRs using 10–50 ng of an 
appropriate plasmid cDNA template at several different magne-
sium concentrations (e.g. final MgCl2 of 5, 3.75, 2.5, 1.25 mM) 
and annealing temperatures below the Tm of the primers (Tm 
−3°C, Tm −5°C, Tm −7°C and Tm −10°C conditions).

23. Use a clean cap-closing tool rather than gloved fingers to signif-
icantly reduce chances of cross-contamination between tubes.

24. This is a useful control to ensure that PCR amplification has 
occurred. However considerable care must be taken as this 
plasmid stock is a major source of potential contamination. 
Inclusion of this control is an excellent way of also testing 
whether your experimental procedures are effectively pre-
venting cross-contamination.

25. Use a thermocycler with a heated lid to avoid use of over-
laying mineral oil. This significantly reduces the likelihood 
of cross-contamination. Whereever possible, arrange tubes 
with one tube spacing between neighbouring tubes across 
the PCR block to further reduce contamination crossover.

26. For high efficiency shot-gun subcloning into pCRII TOPO 
vector, do not freeze samples but use immediately. For very low 
abundance variants, an additional round of PCR amplification 
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may be required. In this case, use a 1/100 dilution of reac-
tion from step 10 above and use as template in a new PCR 
amplification from step 2. While the same primers can be 
used, a set of internally nested primers is preferred.

27. SYBR® Safe is a non toxic alternative to ethidium bromide and 
very useful for routine DNA amplicon screening. However, if 
you suspect low abundance amplicons use EtBr to stain the 
DNA gel using the precautions outlined in Note 1.

28. Ensure that you retain an aliquot of the fresh PCR reaction 
for downstream ‘shot-gun’ TOPO cloning. Do not mix all the 
PCR reaction with the DNA loading buffer. When process-
ing multiple samples it is convenient to mix the PCR sample 
with the DNA loading buffer on top of a piece of nescofilm to 
avoid using additional Eppendorf tubes for mixing. Place multi-
ple aliquots of DNA loading buffer in order of sample addi-
tion to well on nescofilm. Then using a fresh tip each time 
mix 10 µl of the PCR reaction with the DNA loading buffer 
on nescofilm by triturating several times and aliquot the mix 
into the respective well of the DNA agarose gel.

29. It is not necessary to set up a negative control (i.e. no TOPO 
reaction) for TOPO cloning, because a subsequent PCR 
screening of colonies will exclude false positive clones. TOPO 
reactions can be stored at −20°C for long term storage but 
from our experience, use of the fresh reaction for transforma-
tion generates fewer false-positive clones. We find the pCRII 
TOPO vector very efficient for subcloning amplicons <1 kb; 
however, if cloning amplicons larger than 2 kb, we find that 
the pCR2.1 TOPO vector gives improved cloning efficiency.

30. This approach can be used even when the amplicons are not 
well separated as the different amplicons are subsequently 
ligated and characterised in the pCRII TOPO vector. How-
ever, where possible, take samples from well isolated bands to 
improve the efficiency of direct TOPO cloning or re-PCR.

31. Some apparently low abundance high molecular weight 
DNA amplicons observed on DNA agarose gels may in fact 
be artefacts. For example, it is possible that heterodimerisation 
and hairpin looping of DNA fragments may occur, resulting 
in retarded migration of the DNA fragment. The presence 
of very large (i.e. several kb) DNA fragments in DNA agar-
ose gels of PCR amplicons generally indicates genomic DNA 
contamination.

32. Pre-warm LB-agar plates (10-cm diameter petri dish containing 
50-µg/ml of ampicillin as antibiotic selection) by inverting 
and placing in a 37°C incubator with the plate slightly over-
lapping the lid at one edge. Before use ensure that the con-
densate is shaken from the lid and place the plate upright.
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33. A convenient spreader can be fashioned from a glass Pas-
teur pipette by bending the fine tip in a flame, so that the 
spreader is approximately half the diameter of the LB-agar 
plate. Slightly bend the tip upwards to prevent the spreader 
gouging into the agar. Store the spreader in 100% alcohol 
and flame between each use, allow to air cool under the 
aseptic technique (e.g. near a yellow Bunsen flame). It is 
often convenient to use two plates per transformation; plate 
one at 50 µl, the other at 200 µl to ensure that discrete well 
separated colonies are available after overnight incubation.

34. It is important to completely remove all supernatant, as 
otherwise the efficiency/purity of subsequent plasmid DNA 
is compromised. Invert the Eppendorf tube on a tissue paper 
to drain completely. The supernatant should be exposed to 
bleach before disposal.

35. The rapid neutralisation results in bacterial chromosomal 
DNA-forming insoluble aggregates while the plasmid DNA 
covalently closes via interstrand rehybridization and thus 
remains in solution. The potassium acetate also results in 
SDS precipitation, which pellets insoluble chromosomal 
DNA aggregates and protein. Rather than using a phenol/
chloroform extraction, for the sake of convenience we routinely 
use a Qiagen QIAprep spin miniprep DNA filter to isolate 
the plasmid DNA from the supernatant, which is produced 
by precipitation of the insoluble aggregates.

36. Up to 5-ml of bacterial culture can be processed using this 
method if required, to produce sufficient DNA for downstream 
applications.

37. Using the alkaline lysis and the DNA miniprep spin column 
approach outlined in Subheading 3.3.4.5 we find that the 
miniprep DNA is of high enough quality for automated 
DNA sequencing using the pCRII TOPO sequencing primers. 
Sequence multiple plasmid clones in which different sizes 
of splice variant amplicons have been determined. Sequence 
both strands to verify the sequence.
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Chapter 4

Chemiluminescence Assays to Investigate Membrane 
Expression and Clathrin-Mediated Endocytosis of KATP 
Channels

Andrew J. Smith and Asipu Sivaprasadarao

Summary

Macroscopic ion channel currents (I) are a product of the channel open probability (Po), the single 
channel current (i) and the number of channels present on the cell surface (N) at any given time (I = 
PoiN). Endocytosis has been shown to be one of the key determinants of cell surface channel density 
and the defects of this process have been linked to diseases relating to ion channel dysfunction. Chemi-
luminescence-based techniques provide a rapid method for the examination of the rates of endocytosis 
and steady-state cell surface density of ion channels and have previously been used to investigate the 
endocytosis of pancreatic ATP-sensitive potassium (KATP) channels.

Key words: Endocytosis, Internalisation, Chemiluminescence, Surface density, KATP channels.
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It is becoming increasingly apparent that regulated trafficking 
pathways play a vital role in determining ion channel function. 
Clathrin-mediated endocytosis is known to be a key regulator 
of cell surface density for a wide range of channels including 
KATP (1) and CFTR (2) as well as a number of other Na+ (3), K+ 
(4) and Ca2+ (5) channels. Defects in the process of endocytosis 
can also account for some of the deleterious effects associated 
with channel dysfunction in disease. Examples of this include 
impaired endocytosis of KATP channels associated with two 
mutations of Kir6.2, (the pore-forming subunit of pancreatic 
KATP channels), which causes permanent neonatal diabetes (6).

4.1. Introduction
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The rate of internalisation can be examined by chemilumi-
nescence-based assays. For these approaches it is necessary to have 
antibodies that bind to the external portions of the channel to 
be examined. This allows antibody binding to a pool of channels 
on the cell surface while the cells are held in a state that is non-
permissive to trafficking, achieved by cooling the cells to 4°C. 
When the cells are warmed back to temperatures permissive to 
protein trafficking, the channel/antibody complex is endocytosed 
from the cell surface. At an appropriate time, internalisation is 
halted by fixation and the proportion of labelled channels on 
the cell surface can be examined. Surface exposed channels are 
labelled with horseradish peroxidised (HRP)-conjugated antibodies 
allowing the use of a luminescence-based assay.

 1. Culture medium: Dulbecco’s Modified Eagles Medium 
(DMEM) supplemented with 10% foetal bovine serum.

 2. Culture plates: Sterile 24-well culture plates.
 3. HEK cells stably expressing KATP channels (SUR1 and Kir6.2 

bearing an extracellular HA-epitope – KATP-HA) see ref. 7.
 4. Transfection reagent: Fugene6 (Roche Diagnostics).
 5. Phosphate buffered saline (PBS): 10-mM phosphate buffer, 

2.7-mM KCl, 137-mM NaCl prepared from tablets (Sigma) 
by dissolving one tablet in 200-ml of water.

 6. Antibodies targeted against external epitope: Rat anti-HA 
(clone 3F10) (Roche Diagnostics) (see Note 1).

 7. Labelling medium: DMEM supplemented with 5% goat 
serum freshly prepared before each experiment.

 8. HRP-conjugated antibodies: Anti-rat HRP-conjugated anti-
bodies (Sigma).

 9. Cell fixing solution: prepare 2% fresh paraformaldehyde 
(w/v) solution in PBS for each experiment. The solution 
should be carefully heated in a fume-hood to dissolve and 
then cooled to room temperature before use.

10. Cell solubilisation solution − 2% (w/v) sodium deoxycholate 
in 1× PBS.

11. Sensitive enhanced chemiluminescence (ECL) reagent (Pierce).
12. Automated microplate reader: e.g. POLARstar OPTIMA 

(BMG labtech) although other companies offer other options.

4.2. Materials

4.2.1. 
Chemiluminescence 
Techniques
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13. Modulators of endocytosis: Mammalian expression plasmids 
containing genes that disrupt clathrin-mediated endocytosis 
(e.g. dominant-negative (DN) forms of dynamin or µ2).

 1. BCA reagent: Mix 49 parts bicinchoninic acid solution 
(Sigma) and 1 part 4% (w/v) copper sulphate solution 
immediately before use.

 2. Protein standards: Several samples of known protein con-
centration prepared by diluting 10-mg/ml BSA in the same 
buffer used to solubilise cells. The concentration of the pro-
tein standards should range from 0 to 10 µg/ml.

 3. Cell lysates: Prepared as described in the individual proto-
cols.

The following protocol allows the determination of the rate of 
endocytosis of a channel from the cell surface. The internalisation 
of channels is investigated over a time course with samples taken 
at regular intervals. Each time-point is required to be performed 
in duplicate and therefore requires two wells of cells. A typical 
experiment will consist of at least five time-points (i.e. at least ten 
wells). An example of the data obtained form this type of experi-
ment is shown in Fig. 4.1a.
 1. Cells expressing KATP-HA are cultured to confluence in a 

24-well culture plate under experimental conditions (see 
Note 2). Two wells are required for each time-point to be 
examined. In parallel, culture cells which do not express 
KATP-HA (untransfected) in a similar manner are to serve as 
negative controls.

 2. Remove the culture medium and cool the cells to 4°C. Rinse 
three times with chilled PBS to remove the residual medium.

 3. Overlay the cells in each well with 150 µl of chilled (4°C) label-
ling medium containing 0.2 µg/ml rat anti-HA antibodies and 
incubate at 4°C for 1 h to label channels on the cell surface.

 4. Remove the labelling medium and rinse the cells six times 
with chilled PBS to remove any unbound antibodies.

 5. Fix the cells in two of the wells by adding 100 µl of cell fixing 
solution. Incubate for 10 min at 4°C. These samples serve as 
zero time-point controls to which the extent of internalisa-
tion at other time-points will be compared.

 6. Incubate the cells in pre-warmed (37°C) labelling medium 
containing no antibodies at 37°C for varying lengths of time 
to allow channel internalisation (see Note 3).

4.2.2. Cell Lysate 
Protein Determination 
Assay

4.3. Methods

4.3.1. Endocytosis 
Kinetics by 
Chemiluminescence
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 7. Fix the cells by adding 100 µl of cell fixing solution. Incu-
bate for 10 min at 4°C.

 8. Rinse the cells three times with chilled PBS to remove resid-
ual fixative.

 9. Incubate the fixed cells with labelling medium containing 
1.2-µg/ml anti-rat HRP-conjugated antibodies at room 
temperature for 1 h.

 10. Rinse eight times with PBS to remove any unbound anti-
bodies.

 11. Solubilise the cells by incubating with 150 µl of cell solubili-
sation solution for 20 min with gentle agitation.

 12. Pipette two 50-µl aliquots of each solubilised cell sample into 
individual wells of a clear, flat-bottomed black-walled 96-well 
plate. Retain the remaining 50-µl sample on ice for future use.

 13. Assay the HRP content of each lysate by adding 50 µl of 
high-sensitivity ECL reagent. Use an automated microplate 
reader to determine the luminescence. Allow the lumines-
cence signal to reach a steady state, which typically takes 
between 5 and 10 s following addition of the ECL reagent.

 14. Determine the total protein content of each lysate using the 
remaining lysate from step 10 (see Subheading 4.3.3).

 15. Correct the luminescence readings for each sample relative 
to protein content (relative fluorescence units/µg protein).

 16. Deduct the mean corrected luminescence readings for the 
untransfected control cells (which correspond to the 
background signals) from each of the luminescence readings 
for each test sample. This results in two background subtracted 

Fig. 4.1. Endocytosis and cell surface density of KATP channels in HEK293 cells. A time course of 
internalisation (a) and the steady-state surface expression (b) of KATP channels in HEK293 cells 
investigated by chemiluminescence-based methods. In (b) the surface density is increased by 
co-expression of dominant-negative (DN) forms of dynamin 1 (Dyn1), dymanin 2 (Dyn2) and µ2, 
each of which prevents clathrin-mediated endocytosis. (Reproduced from ref. 6 with permission 
from the Nature publishing group).
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readings for each lysate which is in turn one of two samples 
from the original 24-well culture plate.

 17. Normalise each of the corrected readings to the signal at 
zero time, i.e. no internalisation. Perform the experiment in 
triplicate and express as mean ± SEM and plot vs. internalisa-
tion time. An example of the data is shown in Fig. 4.1a.

The above protocol (see Subheading 4.3.1) may be modified 
to allow the determination of the relative steady-state surface 
expression of channels at a given time. The protocol is identi-
cal except for the omission of steps 5 and 6 (internalisation of 
labelled channels at 37°C). The channels on the cell surface are 
labelled at 4°C, at which temperature no trafficking will occur, 
and then the cells are fixed. The chemiluminescence protocol 
then continues and the channel cell surface density is quantified. 
The process of clathrin-mediated endocytosis may be disrupted 
by the expression of genetically encoded modulators (e.g. DN 
forms of dynamin 1, dynamin 2 and µ2). An example of the data 
is shown in Fig. 4.1b.

This protocol describes how the protein content of cell lysates 
is to be determined using the BCA method. Many alternative 
methods are available in kit form from numerous suppliers.
 1. Pipette 10 µl of each cell lysate into individual wells of a flat-

bottomed 96-well plate in duplicate.
 2. Pipette 10 µl of each protein standard into individual wells of 

a flat-bottomed 96-well plate in triplicate.
 3. Add 200 µl of BCA reagent to each well and incubate the 

plate at 37°C for 30 min.
 4. Measure the absorbance of each sample at 550 nm using a 

plate reader.
 5. Plot the mean absorbance values of the protein standards 

against protein concentration to create a calibration curve 
from which the mean protein content of the cell lysates can be 
extrapolated.

 1. Antibodies targeted against extracellular regions of KATP 
are not commercially available. Therefore an extracellular 
HA-epitope was inserted into an extracellular loop of the 
Kir6.2 subunit using PCR-based techniques. It is vital that 
the insertion of epitopes is shown not to interfere with 
normal channel functions. The presence of extracellular HA 

4.3.2. Steady-State 
Cell Surface Density 
Chemiluminescence-
Based Assay

4.3.3. Cell Lysate Total 
Protein Assay

4.4. Notes
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epitopes allows the use of well-characterised commercial 
anti-HA antibodies. It is important that the antibodies used 
contain no preservatives (e.g. sodium azide or thermosial) as 
these may harm the cells being investigated.

 2. The adherence of cells may be improved by coating the bot-
tom of each well with 0.0001% poly-L-lysine (>70,000 KDa) 
solution for 1 h. Each well should be rinsed with 1× PBS 
before seeding the cells into them.

 3. The duration of the internalisation steps required will vary 
between different ion channels and should be determined 
empirically. For most applications 0, 15, 30 and 60 min 
should prove to be a good starting point.

The authors would like to thank Dr. Jamel Mankouri for the 
development of the chemiluminescence-based assays.
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Chapter 5

Investigation of KATP Channel Endocytosis 
by Immunofluorescence

Andrew J. Smith and Asipu Sivaprasadarao

Summary

Macroscopic ion channel currents (I) are a product of the channel open probability (Po), the single channel 
current (i) and the number of channels present on the cell surface (N) at any given time (I = PoiN). Intra-
cellular trafficking pathways are proving to be of vital importance in regulating ion channel function since 
endocytosis, recycling and degradation all work in concert to maintain appropriate channel numbers on 
the cell surface. Immunofluorescence-based techniques provide a convenient and rapid method for the 
examination of these processes and have been used to investigate the intracellular trafficking of pancreatic 
ATP-sensitive potassium (KATP) channels.

Key words: Endocytosis, Immunofluorescence, KATP channels, Intracellular trafficking.

Endocytosis is known to be a key regulator of cell surface den-
sity for a wide range of channels including KATP (1) CFTR (2) as 
well as a number of other Na+ (3), K+ (4) and Ca2+ (5) channels. 
Defects in the process of endocytosis can also account for some 
of the deleterious effects associated with channel dysfunction in 
disease. Examples of this include impaired endocytosis of KATP 
channels associated with two mutations of Kir6.2, (the pore-
forming subunit of pancreatic KATP channels), which causes per-
manent neonatal diabetes (6). The fate of channels immediately 
following endocytosis can also have profound implications on the 

5.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
© 2008 Humana Press, a part of Springer Science + Business Media, Totowa, NJ
Book doi: 10.1007/978-1-59745-526-8

69



70 Smith and Sivaprasadarao

macroscopic currents of ion channels. Channels may be targeted 
for degradation in the lysosomes, stored at various sites within 
the cell or recycled back to the cell surface (2, 5). Any perturba-
tion of any of these processes will also affect the steady-state cell 
surface density of ion channels .

The rate of internalisation and subsequent subcellular desti-
nations of ion channels can be examined by immunofluorescence. 
For these approaches it is necessary to have antibodies which 
bind to the external portions of the channel to be examined. This 
allows antibody binding to a pool of channels on the cell sur-
face while the cells are held in a state which is non-permissive 
to trafficking, achieved by cooling cells to 4°C. When the cells 
are warmed back to temperatures permissive to protein traffick-
ing, the channel/antibody complex is internalised from the cell 
surface and enters the endocytic pathway. At various time-points, 
internalisation is halted by fixation and the membrane/intracel-
lular distribution of the labelled channels can be examined by 
fluorescence microscopy. The cells can also be treated to fluores-
cently label specific organelles so that the intracellular trafficking 
itinerary of an endocytosed channel can be determined.

1. Circular 13-mm diameter number 1 thickness borosilicate 
glass coverslips (BDH).

2. Poly-L-lysine: Sterile 0.01% poly-L-lysine (>70,000 KDa) solution.
3. 70% ethanol in water.
4. Sterile 24-well culture plate.
5. Sterile phosphate buffered saline (PBS): 10-mM phosphate 

buffer, 2.7-mM KCl, 137-mM NaCl prepared from tablets 
(Sigma) by dissolving one tablet in 200 ml of water and then 
autoclaved to sterilise.

1. Culture medium: Dulbecco’s Modified Eagles Medium (DMEM) 
supplemented with 10% foetal bovine serum. Warm to 37°C 
before using.

2. HEK cells stably expressing pancreatic KATP channels (sulpho-
nylurea receptor 1 (SUR1) and Kir6.2 bearing an extracellular 
HA-epitope – KATP-HA) (7).

3. Sterile phosphate buffered saline (PBS): 10-mM phosphate 
buffer, 2.7-mM KCl, 137-mM NaCl prepared from tablets 
(Sigma) by dissolving one tablet in 200 ml of water and autoclaved 
to sterilise. Warm to 37°C before using.

5.2. Materials

5.2.1. Coverslip 
Preparation

5.2.2. Cell Culture
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 4. Trypsin–EDTA solution: Sterile 0.05% trypsin, 0.05% EDTA 
solution (Gibco BRL).

 1. Culture medium: Dulbecco’s Modified Eagles Medium 
(DMEM) supplemented with 10% foetal bovine serum.

 2. HEK cells stably expressing pancreatic KATP channels 
(sulphonylurea receptor 1 (SUR1) and Kir6.2 bearing an 
extracellular HA-epitope – KATP-HA) (see ref. 7, also see 
Note 1).

 3. Phosphate buffered saline (PBS): 10-mM phosphate buffer, 
2.7-mM KCl, 137-mM NaCl prepared from tablets (Sigma) 
by dissolving one tablet in 200 ml of water.

 4. Antibodies targeted against external epitope: Rat anti-HA 
(clone 3F10) (Roche Diagnostics) (see Note 1).

 5. Labelling medium: DMEM supplemented with 5% goat 
serum freshly prepared before each experiment.

 6. HRP-conjugated antibodies: Anti-rat HRP-conjugated anti-
bodies (Sigma).

 7. Poly-L-lysine coated coverslips are prepared by overlaying 
sterile 13-mm diameter borosilicate coverslips (number 
1 thickness) with filter sterilised 0.0001% poly-L-lysine 
(>70,000 KDa) solution for 1 h. Rinse the coated coverslips 
three times with sterile 1× PBS prior to the seeding of cells 
onto them.

 8. Cell fixing solution: prepare 2% fresh paraformaldehyde 
(w/v) solution in PBS for each experiment. The solution 
should be carefully heated in a fume-hood to dissolve 
and then cooled to room temperature before use (see 
Note 2).

 9. Cell permeabilisation solution: Methanol/acetone (1:1, 
v/v) chilled to −20°C.

10. Blocking solution: 5% goat serum in 1× PBS. This may be 
stored at 4°C for up to a week following the addition of 
0.05% (w/v) sodium azide.

11. Fluorophore-conjugated secondary antibodies: Anti-rat 
Cy3-conjugated IgG (Jackson ImmunoResearch) to label 
KATP-HA. Appropriate FITC-conjugated IgGs are required 
for organelle co-labelling.

12. Anti-fade reagent: Hard-set VECTAshield (Vector labs).
13. Organelle marker antibodies (see Note 3).
14. Laser-scanning confocal microscope: For Cy3 labelling a He/

Ne laser fitted with 543-nm filters (or equivalent thereof) is 
required. For FITC labelling an argon laser fitted with 488-nm 
filters (or equivalent thereof) is required.

5.2.3. Immunofluores-
cence Techniques
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1. Soak a large piece of paper tissue with 70% ethanol and place 
in a laminar flow hood. Allow to dry.

2. Using forceps submerge coverslips in 70% ethanol to sterilise 
and place on tissue to air-dry.

3. Once dry, use forceps to place one sterile coverslip into each 
well of a 24-well plate.

4. Dilute 0.01% poly-L-lysine solution 1:100 with sterile PBS to 
give a 0.0001% solution.

5. Carefully overlay each coverslip with 150 µl of poly-L-lysine 
solution and leave for 30 min at room temperature.

6. Remove the poly-L-lysine solution and rinse the coated cover-
slips twice with sterile PBS.

7. Once all traces of PBS are removed the coated coverslips may 
be stored at 4°C until required.

1. Culture cells expressing KATP-HA up to 70–80% confluence.
2. Remove culture medium and rinse with sterile PBS.
3. Add sufficient trypsin–EDTA solution to cover the cells and 

incubate for 2–3 min.
4. Once the cells detach themselves from the growth surface, 

add 10 volumes of pre-warmed culture medium and gently 
re-suspend the cells.

5. Add a single drop of cells to each poly-L-lysine coated cover-
slip in the 24-well plate and then add 0.5 ml of pre-warmed 
culture medium to each.

6. Culture the cells for a further 24 h or until they have adhered 
to the coverslip before labelling.

The time-course of internalisation of KATP channels can be followed 
by labelling channels on the cell surface with an extracellularly tar-
geted antibody and then following it up with its removal from the 
cell surface. To achieve this, several coverslips that have cells seeded 
onto them are required, one for each time-point. At several time-
points internalisation is terminated by fixation and the distribution 
(cell surface or intracellular) of the channels can be examined. 
When the labelled samples are examined by confocal microscopy it 
is possible to see the redistribution of channels from the cell surface 
into intracellular structures as demonstrated in Fig. 5.1a.
 1. Remove the culture medium and chill the cells to 4°C before 

rinsing three times with chilled labelling medium.
 2. Pipette 150 µl of chilled labelling medium containing 0.2 µg/

ml rat anti-HA antibody to each well and incubate at 4°C for 
1 h to label extracellularly exposed channels.

5.3. Methods

5.3.1. Preparation of 
Poly-L-Lysine Coated 
Coverslips

5.3.2. Subculture of 
Cells and Seeding 
onto Coverslips

5.3.3. Examining 
Endocytosis by 
Immunofluorescence
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 3. Remove the labelling medium (see Note 4) and rinse the 
cells six times with chilled 1× PBS to remove unbound anti-
bodies.

 4. Incubate the samples with 200 µl of labelling medium (pre-
warmed to 37°C) for the desired length of time to allow 
internalisation to occur (see Note 5).

 5. Terminate internalisation by replacing the warm labelling 
medium with chilled PBS followed by three further washes 
with chilled 1× PBS to remove excess labelling medium.

 6. Fix the cells by adding 100 µl of cell fixing solution. Incubate 
for 10 min at room temperature and then rinse with 1× PBS.

 7. Permeabilise the cells by incubating them with cell permea-
bilisation solution for 5 min. Rinse the cells three times with 
1× PBS to remove residual permeabilisation solution.

Fig. 5.1. Investigating endocytosis of KATP channels in HEK293 cells by immunofluorescence. (a) The time-course of 
internalisation shows the transit of anti-HA labelled KATP-HA channels from the cell surface into small cytoplasmic vesicular 
structures and finally into larger perinuclear aggregations. The intracellular distribution of endocytosed KATP channels 
may be examined by co-labelling cells with markers directed against organelles. In the example images shown, 
mouse anti-clathrin and anti-mouse Cy3-conjugated antibodies label clathrin-coated vesicles (b) and endocytosed 
FITC-conjugated transferrin (Tf) (which binds to transferrin receptors and is subsequently endocytosed) labels early 
endosomes (c). Anti-HA labelled KATP channels were labelled with contrasting fluorophores and imaged by confocal 
microscopy. The lower panels (co-localised) only show regions that display co-localisation between the two fluorophores. 
Scale bar = 10µ m (reproduced from ref. 6 with permission from the Nature publishing group).
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 8. Block non-specific binding sites in the cells by incubating them 
with blocking solution for 20 min at room temperature.

 9. Incubate the cells with Cy3-conjugated secondary antibodies, 
diluted in blocking solution, for 1 h at room temperature to fluo-
rescently label anti-HA antibody bound channels (see Note 6).

10. Wash the cells six times with 1× PBS to remove unbound 
antibodies.

11. Remove the coverslips from the 24-well plate using fine for-
ceps and allow to air-dry (cell side up) for 5 min.

12. Mount the dried coverslips onto microscope slides using 
anti-fade reagent.

13. View the labelled samples by laser-scanning confocal micro-
scopy. Example data are shown in Fig. 5.1.

To distinguish the identity of the intracellular compartments 
to which KATP channels are moved following endocytosis, it is 
necessary to label individual compartments using either highly 
specific antibodies or commercially available labelling rea-
gents (e.g. mitotracker (Molecular probes) for mitochondria). 
When the endocytosed channels and organelles are labelled 
with fluorophores of different colours their distributions can 
be compared to each other. Examples of these data are shown 
in Fig. 5.1b, c.
1. Culture the cells expressing KATP-HA to confluence before 

passage. Seed the cells into 24-well plates containing poly-L-
lysine coated 13-mm diameter coverslips so that a confluence 
of ~60% is obtained after 48 h of further culture.

2. Remove the culture medium and chill the cells to 4°C before 
rinsing three times with chilled labelling medium.

3. Pipette 150 µl of chilled labelling medium containing 0.2 µg/
ml rat anti-HA antibody to each well and incubate at 4°C for 
1 h to label extracellularly exposed channels.

4. Remove the labelling medium (see Note 4) and rinse the cells 
six times with chilled 1× PBS to remove unbound antibodies.

5. Incubate the samples with 200 µl of labelling medium (pre-warmed 
to 37°C) for the desired length of time to allow internalisation 
to occur (see Note 5).

6. Terminate internalisation by replacing the warm labelling 
medium with chilled PBS followed by three further washes 
with chilled 1× PBS to remove excess labelling medium.

7. Fix the cells by adding 100 µl of cell fixing solution. Incubate 
for 10 min at room temperature; then rinse with 1× PBS.

8. Permeabilise the cells by incubating them with cell permeabi-
lisation solution for 5 min. Rinse the cells three times with 1× 
PBS to remove residual permeabilisation solution.

5.3.4. Intracellular 
Localisation by Immun-
ofluorescence and 
Subcellular Markers
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 9. Block non-specific binding sites in the cells by incubating them 
with blocking solution for 20 min at room temperature.

10. Incubate the cells with antibodies raised against specific 
organelle marker proteins (see Note 7) diluted in blocking 
solution for 2 h at room temperature (see Note 6).

11. Rinse the cells extensively with PBS to remove excess organelle 
antibodies.

12. Incubate the cells for 1 h at room temperature with fluor-
ophore-conjugated secondary antibodies ensuring that the 
channel and organelle are labelled with contrasting colours, 
e.g. use FITC (green) and Cy3 (red). These antibodies are 
diluted in blocking solution (see Note 6).

13. Rinse the cells extensively with PBS to remove excess second-
ary antibodies.

14. Remove the coverslips from the 24-well plate using fine forceps 
and allow to air-dry (cell side up) for 5 min.

15. Mount the dried coverslips onto microscope slides using a 
suitable anti-fade reagent.

16. Examine the labelled samples by laser-scanning confocal 
microscopy. Images obtained with Cy3 and FITC can be 
overlaid and the distributions of each protein of interest can 
be compared using image analysis software.

1. Antibodies targeted against extracellular regions of KATP are 
not commercially available. Therefore an extracellular HA-epitope 
was inserted into an extracellular loop of the Kir6.2 subunit 
using PCR-based techniques. It is vital that the insertion of 
epitopes is shown not to interfere with normal channel func-
tions. The presence of extracellular HA epitopes allows the 
use of well-characterised commercial anti-HA antibodies. It 
is important that the antibodies used contain no preservatives 
(e.g. sodium azide or thermosial) as these may harm the cells 
being investigated.

2. Fixation with PFA leads to proteins becoming crosslinked with 
each other, which can lead to problems with antibody epitopes 
becoming inaccessible. This can also lead to the fragmentation 
of delicate structures within the cell. To solve these problems, 
cells can be fixed by incubating them with methanol (chilled 
to −20°C) for 5 min; however fixation by this method will also 
permeabilise cell membranes.

5.4. Notes
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The authors would like to thank Dr. Jamel Mankouri and Dr. 
Tarvinder Taneja for their contributions.

3. In order to selectively label intracellular organelles, the anti-
bodies selected must be targeted against proteins which display 
a high degree of association with the organelle. Examples of 
such proteins are EEA1 (early endosomes), Mannose 6 phos-
phate receptor (late endosomes), Lamp1 (lysosomes), TGN38 
(trans-Golgi network), Mannosidase II (Golgi network), cal-
reticulin (endoplasmic reticulum) and nucleolin (nucleus). An 
alternative to labelling organelles with antibodies is to transfect 
cells with genetically encoded organelle markers such as the 
Clontech subcellular localisation vectors or to use compounds 
designed to label a particular compartment (e.g. Mitotracker 
from Invitrogen which labels mitochondria).

4. The labelling medium may be reused if necessary, although 
care should be taken to ensure that it does not become con-
taminated prior to reuse.

5. The duration of the internalisation steps required will vary 
between different ion channels and should be determined 
empirically. For most applications 0, 15, 30 and 60 min should 
prove to be a good starting point.

6. For antibody incubations with cells in 24-well plates, suffi-
cient antibody labelling solution is required to submerge the 
coverslips, typically 150–200 µl. Smaller volumes of antibody 
labelling solution can be used by placing the coverslips cell-side 
up on a sheet of parafilm placed on a flat surface. This allows 
volumes of 30 µl per coverslip to be used since the hydrophobic 
surface of the parafilm ensures that all liquid remains on the 
coverslip.

7. The antibodies used to label organelles MUST be derived 
from a different species to the antibody used to label the inter-
nalised channel. This allows specific staining of the two primary 
antibodies with appropriate secondary antibodies. The fluoro-
phores used must also be easily distinguished from each other 
(e.g. FITC – green and Cy3 – red).

Acknowledgments
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Chapter 6

Investigation of KATP Channel Endocytosis and Cell Surface 
Density by Biotinylation and Western Blotting

Andrew J. Smith and Asipu Sivaprasadarao

Summary

Macroscopic ion channel currents (I) are a product of the channel open probability (Po), the single 
channel current (i) and the number of channels present on the cell surface (N) at any given time (I = 
PoiN). Endocytosis has been shown to be one of the key determinants of cell surface channel density 
and defects of this process have been linked to diseases relating to ion channel dysfunction. Biotinylation 
allows the selective labelling and isolation of surface exposed proteins which can then be identified by 
Western blotting.

Key words: Endocytosis, Internalisation, Biotinylation, Western blotting, KATP channels.

Alterations of trafficking processes have profound effects on 
ion channel cell surface densities (1–3). These processes include 
endocytosis, recycling and biosynthetic delivery of channel 
proteins, all occurring in a coordinated manner to ensure an 
appropriate cell surface density (4). An example of an ion channel 
where the biosynthetic delivery and endocytosis have been shown to 
influence channel numbers on the cell surface is the ATP-sensitive 
potassium (KATP) channel (5–7). These processes have also been 
implicated in pathophysiological disorders; impaired biosynthetic 
delivery of KATP channels can lead to congenital hyperinsulinemia 
(8, 9) and reduced internalisation may lead to permanent neonatal 
diabetes (6).

The steady-state surface density and internalisation rate of 
ion channels can be examined by biotinylation studies. Proteins 

6.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
© 2008 Humana Press, a part of Springer Science + Business Media, Totowa, NJ
Book doi: 10.1007/978-1-59745-526-8
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on the cell surface, including the ion channel to be examined, 
are labelled with membrane-impermeable biotin at a temperature 
which is non-permissive to trafficking. The labelled proteins are then 
allowed to internalise for a period of time by incubating them 
at a temperature which is permissive to trafficking. Biotinylated 
proteins that remain on the cell surface are then chemically 
treated to remove the biotin, however, internalised proteins are 
not affected. The cells are then lysed and biotinylated proteins 
isolated by binding them to immobilised streptavidin. These iso-
lated biotinylated proteins can then be resolved by SDS-PAGE 
and channel proteins identified by Western blotting. The steady-
state cell surface density of channel proteins may be examined by 
omitting the internalisation and the biotin stripping steps.

 1. Culture medium: Dulbecco’s Modified Eagles Medium 
(DMEM) supplemented with 10% foetal bovine serum.

 2. HEK cells stably expressing KATP channels (SUR1 and Kir6.2 
bearing a FLAG epitope at the intracellular C-terminus).

 3. Phosphate buffered saline (PBS): 10-mM phosphate buffer, 
2.7-mM KCl, 137-mM NaCl prepared from tablets (Sigma) 
by dissolving one tablet in 200 ml of water.

 4. Biotin labelling solution: 1.5-mg/ml Sulpho-S-S-biotin 
(Pierce) in 1× PBS (see Note 1) to be freshly prepared and 
stored on ice.

 5. Glycine solution: 50-mM glycine in 1× PBS to be freshly 
prepared.

 6. Internalisation buffer: 10-mM glucose in 1× PBS. Aliquots 
of this buffer (∼2.5 ml per flask) need to be warmed to 37°C 
and chilled to 4°C prior to the experiment.

 7. Glutathione buffer: 50-mM glutathione, 75-mM NaOH, 
75-mM NaCl, 1-mM EDTA, 0.1% BSA, pH 9.0 to be freshly 
prepared and chilled to 4°C.

 8. Iodoacetamide solution: 5-mg/ml iodoacetamide (Sigma) 
in 1× PBS to be freshly prepared and chilled to 4°C.

 9. Extraction buffer: 50-mM Tris–HCl, pH 7.4, 2-mM EDTA, 
2-mM EGTA, 100-mM NaCl, 1% (w/v) Triton X-100, 1× 
protease inhibitor cocktail (Roche diagnostics) freshly pre-
pared and chilled to 4°C.

10. Neutravidin beads: Ultralink-neutravidin beads (50% slurry) 
(Pierce) were equilibrated by washing twice with extraction 

6.2. Materials

6.2.1. Biotinylation of 
Cell Surface Proteins
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buffer. 50 µl of 50% neutravidin bead slurry is required for 
each sample.

11. Reducing sample buffer: 25-mM sodium bicarbonate (pH 
10.4), 4% SDS, 0.2% bromophenol blue, 20% glycerol. Add 
100-mM DTT immediately prior to use.

 1. BCA reagent: Mix 49 parts bicinchoninic acid solution 
(Sigma) with 1 part 4% (w/v) copper sulphate solution 
immediately before use.

 2 Protein standards: Several samples of known protein concen-
tration are prepared by diluting 10-mg/ml BSA in the same 
buffer used to solubilise cells. The concentration of the pro-
tein standards should range from 0 to 10 µg/ml.

 3. 96-well plates with clear flat bottoms.

 1. Bio-Rad protean2 mini gel apparatus: Includes larger glass 
back casting plate with fitted spacers at the side, a smaller flat 
glass front casting plate and a plastic comb to form wells.

 2. Gel running apparatus suitable for Bio-Rad protean2 gels: 
Includes gasket to hold gels in place and running tank.

 3. Semi-dry Western blotting transfer cell (Bio-Rad).
 4. Glycerol solution: 5% glycerol (w/v) in water. May be stored 

at room temperature.
 5. Acrylamide mix: 30% acrylamide/bis-acrylamide solution 

(Sigma). This is a potent neurotoxin and care must be taken 
to limit exposure.

 6. Resolving buffer: 1.5-M Tris–HCl, pH 8.8. May be stored at 
room temperature.

 7. SDS solution: 10% SDS in water. May be stored at room 
temperature.

 8. APS solution: 10% ammonium persulphate solution in water. 
This should be freshly prepared each day.

 9. TEMED (Sigma). This should be stored at 4°C. Because of its 
long-term instability only small volumes should be purchased.

10. Stacking buffer: 0.5-M Tris–HCl, pH 6.8. May be stored at 
room temperature.

11. Water-saturated isobutanol: Isobutanol should be vigorously 
mixed with water and allowed to separate. Isobutanol will 
form the upper layer.

12. Running buffer: 25-mM Tris–HCl, pH 7.4, 192-mM glycine, 
0.1% SDS in water. May be stored at room temperature.

13. Pre-stained protein standards: Broad-range pre-stained protein 
standard (Bio-Rad).

6.2.2 Cell Lysate 
Protein Determination 
Assay

6.2.3 SDS-PAGE 
and Western Blotting
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14. Transfer buffer: 25-mM Tris-HCl , 192-mM glycine, 0.1% 
SDS, 20% methanol in water, pH 7.4. Store at 4°C.

15. Supported nitrocellulose membrane (Hybond).
16. PBS-T: 1× PBS with 0.05% Tween-20.
17. Blocking solution: 5% non-fat dry milk in PBS-T (see Note 2).
18. Antibody dilution buffer: 0.5% non-fat dry milk in PBS-T 

(see Note 2).
19. Mouse anti-FLAG antibodies (Sigma).
20. Anti-mouse HRP-conjugated antibodies (Pierce).
21. X-ray film: Kodak Biomax XAR film (see Note 3).

The rate of endocytosis of KATP channels has been examined 
through biochemical means by labelling cell surface channels 
with biotin. Biotinylated proteins that are internalised into cells 
by subsequent incubation at 37°C are protected from biotin 
removal by chemical treatment. The cells are then lysed and the 
remaining biotinylated proteins can be isolated by binding them 
to streptavidin-coated beads. The proteins can then be resolved 
by SDS-PAGE and identified by Western blotting. The relative 
abundance of biotinylated proteins can then be quantified. When 
several time-points of internalisation are performed the changes 
in internalisation can be appreciated. Examples of these data are 
shown in Fig. 6.2.
 1. Culture cells expressing KATP-HA to confluence in 25-cm2 cul-

ture flasks. One flask is required for each time-point to be inves-
tigated (see Note 4).

 2. Remove the culture medium and rinse four times in 1× PBS.
 3. Biotinylate cell surface channels with 2 ml per flask of chilled 

(4°C) biotin labelling solution for 20 min at 4°C.
 4. Quench residual biotin by washing twice with chilled glycine 

solution, each for 5 min at 4°C.
 5. Internalise labelled channels by incubating with pre-warmed (37°C) 

internalisation buffer at 37°C for the desired period of time.
 6. Following the desired period, terminate internalisation by 

replacing the internalisation buffer with chilled internalisa-
tion buffer and keeping it at 4°C.

 7. Replace the internalisation buffer with 2-ml of chilled glu-
tathione buffer. This strips biotin from the surface exposed 
channels (but not from those which have internalised with the 

6.3. Methods

6.3.1. Examining 
Endocytosis by 
Biotinylation
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biotin). Each flask requires two, 20-min washes with glutath-
ione buffer at 4°C.

 8. Remove the glutathione buffer and quench residual glutathione 
with 2 ml of iodoacetamide solution for 5 min at 4°C.

 9. Remove the iodoacetamide buffer and lyse the cells in 1-ml of 
extraction buffer at 4°C with gentle agitation. Lysis is complete 
when cell clumps are no longer visible to the eye.

10. Transfer each lysate to a 1.5-ml microcentrifuge tube and cen-
trifuge at 15,000 × g in a cooled (4°C) bench top microcentri-
fuge for 90 min. This clears the lysate of any residual cellular 
debris (see Note 5).

11. Determine the protein content of each lysate using a cell lysate 
total protein assay (see Subheading 6.3.3).

12. Dilute the lysates with extraction buffer so that they are all of the 
same concentration. The lysates should then be stored on ice.

13. Mix equal volumes of each lysate (containing equal quantities 
of total protein) with 50-µl of neutravidin beads in microcen-
trifuge tubes and incubate them with rotation at 4°C for 2 h. 
This allows the biotinylated proteins in the lysate to bind to the 
neutravidin beads.

14. Pellet the neutravidin beads by centrifugation and remove the 
supernatant (see Note 6).

15. Wash the neutravidin bead pellet four times with extraction 
buffer to remove any non-specifically bound proteins.

16. Elute the biotinylated proteins from the neutravidin beads by 
re-suspension of the washed neutravidin bead pellet in 50-µl of reduc-
ing sample buffer and incubate for 15 min at room temperature.

17. Pellet the neutravidin beads by centrifugation and resolve the 
eluted proteins contained within the reducing sample buffer by 
SDS-PAGE (see Subheading 6.3.4).

 1. Culture cells expressing KATP-HA to confluence in 25-cm2 
culture flasks. One flask is required for each time-point to be 
investigated (see Note 4).

 2. Remove the culture medium and rinse four times in 1× PBS.
 3. Biotinylate cell surface channels with 2 ml per flask of chilled 

(4°C) biotin labelling solution for 20 min at 4°C.
 4. Quench residual biotin by washing twice with chilled glycine 

solution, each for 5 min at 4°C.
 5. Lyse the cells in 1-ml of extraction buffer at 4°C with gentle agi-

tation. Lysis is complete when cell clumps are no longer visible 
to the eye.

 6. Transfer each lysate to a 1.5-ml microcentrifuge tube and  centrifuge 
at 15,000 × g in a cooled (4°C) bench top microcentrifuge 

6.3.2. Examining 
Steady-State Cell 
Surface Density 
by Biotinylation
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for 90 min. This clears the lysate of any residual cellular 
debris (see Note 5).

 7. Determine the protein content of each lysate using a cell lysate 
total protein assay (see Subheading 6.3.2).

 8. Dilute the lysates with extraction buffer so that they are all of the 
same concentration. The lysates should then be stored on ice.

 9. Mix equal volumes of each lysate (containing equal quantities 
of total protein) with 50-µl of neutravidin beads in microcen-
trifuge tubes and incubate them with rotation at 4°C for 2 h. 
This allows the biotinylated proteins in the lysate to bind to the 
neutravidin beads.

10. Pellet the neutravidin beads by centrifugation and remove the 
supernatant (see Note 6).

11. Wash the neutravidin bead pellet four times with extraction 
buffer to remove any non-specifically bound proteins.

12. Elute the biotinylated proteins from the neutravidin beads by 
re-suspension of the washed neutravidin bead pellet in 50-µl of 
reducing sample buffer and incubate for 15 min at room tem-
perature.

13. Pellet the neutravidin beads by centrifugation and resolve the 
eluted proteins contained within the reducing sample buffer 
by SDS-PAGE (see Subheading 6.3.4).

This protocol describes how the protein content of cell lysates 
is to be determined using the BCA method. Many alternative 
methods are available in kit form from numerous suppliers.
 1. Pipette 10 µl of each cell lysate into individual wells of a flat-

bottomed 96-well plate in duplicate.
 2. Pipette 10 µl of each protein standard into individual wells of a 

flat-bottomed 96-well plate in triplicate.
 3. Add 200 µl of BCA reagent to each well and incubate the plate 

at 37°C for 30 min.
 4. The absorbance of each sample at 550 nm is measured using a 

spectrophotometer.
 5. Plot the mean absorbance values of the protein standards against 

protein concentration to create a calibration curve from which 
the mean protein content of the cell lysates can be extrapo-
lated.

These instructions relate to the use of Bio-Rad protean2 appara-
tus but can be easily modified for use with any other SDS-PAGE 
gel system. The following quantities are sufficient for the produc-
tion of two 0.75-mm thick, 10% mini gels. The blotting protocol 
relates to the use of the Bio-Rad semi-dry transfer cell.

6.3.3. Cell Lysate Total 
Protein Assay

6.3.4. SDS-PAGE 
and Western Blotting
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 1. Clean the front and back gel casting plates with warm water and 
finally rinse with distilled water. Allow to dry.

 2. Place the glass plates into the casting frame.
 3. Prepare the separating gel mix: 4 ml of glycerol solution, 3.3-ml 

acrylamide mix, 2.5-ml resolving buffer, 100-µl SDS solution, 
100-µl APS solution and 4-µl TEMED. Gently mix (see Note 7) 
and pipette into the gap between the two glass plates filling 3/4 
of the way up (leaving sufficient room for the stacking gel and 
spacer comb). Finally overlay the mixture with water-saturated 
isobutanol. The gel should polymerise within 30 min.

 4. Remove the isobutanol layer and rinse the top of the gel with 
water.

 5. Prepare the stacking gel mix: 1.4 ml of glycerol solution, 330-µl 
of acrylamide mix, 250-µl of resolving buffer, 20-µl of SDS solu-
tion, 20-µl of APS solution and 2-µl of TEMED. Gently mix (see 
Note 7) and pipette into the gap between the two glass plates 
to the top. Immediately place the spacer comb into place to cast 
the sample wells. The gel should polymerise within 30 min.

 6. Remove the gels from the casting apparatus and assemble the 
running tank (see Note 8). Fill the central buffer reservoir with 
the running buffer and carefully remove the combs.

 7. Load equal amounts of each protein sample into individual lanes 
and a single lane with pre-stained protein standards.

 8. Half fill the external tank with running buffer and place the lid 
on the tank.

 9. Run the gel at 200 mV for 45 min or until the dye-fronts are run 
off the bottom of the gel.

10. Disassemble the gel running apparatus and remove one of the 
glass plates from the gel. Using a sharp blade, remove the stack-
ing gel and discard.

11. Remove the gel from the glass plate and submerge it in chilled 
transfer buffer for no longer than 5 min.

12. Concurrently, soak nitrocellulose membrane cut to the same size 
as the resolving gel in chilled transfer buffer (see Note 9).

13. Cut two pieces of thick blotting paper to the same size as the 
resolving gel and soak in chilled transfer buffer.

14. Prepare the Western blot transfer stack as follows: (from the 
bottom) 1× soaked blotting paper, soaked nitrocellulose 
membrane, resolving gel and1× soaked blotting paper. This 
is summarised in Fig. 6.1.

15. Transfer proteins onto nitrocellulose using a Bio-Rad semi-
dry transfer cell. Both electrodes must be wetted with 
transfer buffer. Once on the apparatus, use a sample tube 
to roll out any air bubbles which may be trapped within the 
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transfer stack. Assemble the transfer cell and run at 0.03 mA 
for 90 min.

16. Remove the nitrocellulose membrane from the apparatus and 
rinse twice with distilled water and twice with PBS-T.

17. Block the membrane by incubating with blocking solution for 
1 h at room temperature with gentle agitation.

18. Incubate the membrane with mouse anti-FLAG antibody 
diluted in antibody dilution buffer overnight at 4°C with gentle 
agitation.

19. Wash excess antibody off the membrane with PBS-T at room 
temperature with gentle agitation. Four washes each of 5 min 
should be sufficient.

20. Incubate the membrane with anti-mouse HRP-conjugated 
antibodies.

21. Wash excess antibody off the membrane with PBS-T at room 
temperature with gentle agitation. Four washes each of 5 min 
should be sufficient.

22. During the final wash step prepare 1 ml of ECL reagent.
23. Place the washed membrane on a clean sheet of acetate and 

pipette the ECL reagent over the entire surface of the mem-
brane. Incubate at room temperature for 2 min.

24. Drain the ECL reagent from the surface and cover the mem-
brane with a second sheet of acetate.

25. The acetate containing the membrane is then placed in an X-ray 
cassette with X-ray film for an appropriate length of time (see 
Note 10). The film is then submerged in developing fluid until 
the signal has developed fully and then submerged in fixative 
fluid to preserve the signal. An example of the data obtained is 
shown in Fig. 6.2.

Fig. 6.1. Setting up for a Western blot transfer. These instructions assume the use of a Bio-Rad semi-dry transfer cell. 
The “Western blot stack” should be assembled as shown. A layer of pre-soaked thick blotting paper is laid flat onto the 
cathode. The soaked nitrocellulose is then carefully placed on top of this, followed by the soaked SDS-PAGE gel. 
The stack is completed by the addition of a final layer of soaked thick blotting paper. Air bubbles are then rolled out of 
the stack and the anode secured in place. When electrical current is passed through the stack, the SDS-coated proteins 
will migrate towards the cathode and become immobilised on the nitrocellulose membrane.
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 1. The Sulpho-S-S-biotin used is impermeable to cell membranes 
so only extracellularly exposed proteins will be labelled. Label-
ling with biotin also requires that lysine residues are accessible to 
the reagent, so some channel proteins may not be suitable for 
this type of labelling.

 2. Solutions containing non-fat dry milk should be filtered through 
tissue paper to remove particulate matter. Failure to do this can 
lead to speckled background signals on the final blot.

 3. Quantification of data may be achieved by digitally scanning 
blots although care must be taken during data acquisition not to 
saturate the signal. Alternatively automated systems may be used 
to capture the chemiluminescence signal.

 4. The duration of the internalisation steps required will vary 
between different ion channels and should be determined 
empirically. For most applications 0, 15, 30 and 60 min should 
prove to be a good starting point.

6.4. Notes

Fig. 6.2. An investigation of KATP channel internalisation by biotinylation. Cell surface exposed proteins were labelled with 
membrane impermeable biotin. Internalised, biotin labelled channels were protected from biotin cleavage by glutathione. 
An increase in signal therefore corresponds to an increase in internalised protein. The time indicates the duration of the 
internalisation step. (a) Kir6.2-HA was probed with mouse anti-FLAG and anti-mouse HRP-conjugated antibodies in the 
blot shown (reproduced from ref. 6 with permission from Nature publishing group). (b) The intensity of bands can be 
measured using image analysis software and plotted against internalisation time.
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 5. Cell lysis provides a convenient point to halt the experiment. If 
this is to be the case, lysates should be stored at −80°C until 
required. Upon resumption of the experiment the lysates should 
be thawed slowly on ice. If the experiment is to be continued 
immediately, lysates should be kept on ice.

 6. Whilst the supernatant is not required at any further stage of 
the biotinylation experiment it is often prudent to retain it for 
examination by SDS-PAGE and Western blotting at a later date 
should the biotinylation experiment fail. This sample should 
reveal whether the experiment failed during the biotinylation or 
because of problems at later stages.

 7. The polymerisation of acrylamide gels is inhibited by exposure 
to air. Excessive mixing can aerate the mixture leading to poor 
polymerisation of the final gel. To further improve the quality of 
gels the starting solutions may be de-gassed.

 8. Care must be taken when assembling the SDS-PAGE running 
tank to avoid any leaks between the central buffer reservoir and 
the external tank. Any such leaks cause the gel to run poorly.

 9. Avoid handling nitrocellulose membranes with the hands as this 
may introduce background signals to the final blot. It is better 
to use clean forceps.

10. The length of exposure to X-ray film depends on the strength of 
the signal. Several exposures should be taken.

The Authors Would Like to thank Dr. Jamel Mankouri and 
Dr. Tarvinder Taneja for their Contributions.
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Chapter 7

Lipid Microdomains and K+ Channel Compartmentation: 
Detergent and Non-Detergent-Based Methods for the 
Isolation and Characterisation of Cholesterol-Enriched 
Lipid Rafts

Laura J. Sampson and Caroline Dart

Summary

The traditional view of the plasma membrane as a uniform cellular envelope formed from a homogenous 
mixture of lipids has been refined in recent years to reflect the heterogeneity of its composite lipids. The 
membrane can consist of upwards of 500 different types of lipids, which exhibit complex and dynamic 
interactions. Cholesterol and sphingolipids, in particular, partition away from the bulk of bilayer to form 
distinct microdomains or ‘rafts’. Although controversial, lipid rafts have attracted considerable attention 
over recent years, firstly because of their apparent ability to selectively aggregate interacting signalling 
molecules, including ion channels and receptors, and secondly because of the implication that they may 
be involved in the spatial organisation of signalling pathways. Here we describe methods to isolate lipid 
rafts, assess their purity and determine the distribution of potassium channel proteins between raft and 
non-raft fractions.

Key words: Lipid microdomains, Lipid rafts, Caveolae, Cholesterol, KATP channels, Vascular smooth 
muscle, Detergent-resistant, Sucrose density centrifugation, SDS-PAGE, Western blot.

Lipid microdomains or lipid rafts form within the bilayer and 
consist of tightly-packed aggregates of cholesterol and sphin-
golipids (1–4). They represent a relatively rigid ‘liquid-ordered’ 
phase in contrast to the more fluid glycerophospholipid non-raft 
regions. Multiple types of rafts are likely to exist, based both on 
their lipid and protein composition (5), but despite many years 
of study, lipid rafts remain controversial with little consensus on 

7.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
© 2008 Humana Press, a part of Springer Science + Business Media, Totowa, NJ
Book doi: 10.1007/978-1-59745-526-8

91



92 Sampson and Dart

their size, composition, dynamics or physiological importance 
(6–8). The only morphologically identifiable raft-like domain is 
a caveola where association with the protein caveolin causes the 
cholesterol and sphingolipid-enriched regions of the membrane 
to form small (50–100 nm) vesicular invaginations that are clearly 
visible in scanning or transmission electron microscopy (9–11). 
The study of lipid rafts has been aided by the fact that their unu-
sual composition gives them distinct biochemical properties. The 
tight packing of the lipid acyl chains in these regions results in a 
resistance to solubilisation by cold non-ionic detergents in which 
they form detergent-insoluble, glycolipid-enriched complexes, 
often referred to as DIGs (12). The high lipid content of these 
complexes enables them to float to a low density during sucrose 
gradient centrifugation and allows the proteins associated with 
these regions to be isolated and characterised by Western blot 
analysis. Studies using these techniques have led to the identi-
fication of a wealth of signalling proteins that apparently aggre-
gate in these regions, including a number of G-protein-coupled 
receptors, various classes of G-protein, voltage- and ligand-gated 
ion channels, protein kinase C, nitric oxide synthase, tyrosine 
kinases, H-ras and mitogen-activated protein kinase (reviewed 
by refs. 9, 10, 13). This has led to the development of the idea 
that lipid rafts act to functionally compartmentalise cell-surface 
signalling (2, 9, 10, 14). The protein components of rafts are 
however often contentious due to problems associated with raft 
isolation. Different detergents, and indeed different concentra-
tions of the same detergent, produce rafts of differing protein 
and lipid composition (5, 6). This may reflect the ability of some 
detergents to produce more ‘pure’ raft fractions by efficiently 
removing contaminating non-raft proteins and lipids, but this 
may equally suggest that some detergents selectively extract sub-
sets of proteins and lipids from raft domains, leaving behind a 
domain that no longer resembles its “in vivo” form. Problems 
such as these have led to the development of non-detergent-
based methods for the isolation of rafts (15, 16). These essen-
tially use sonication to disrupt the membrane followed by sucrose 
density centrifugation to separate the buoyant low-density raft 
component. While this method suffers from none of the selec-
tive extraction that plagues detergent-based methods, there is 
evidence that a number of contaminating non-raft proteins stay 
associated at the periphery of rafts and float with them to the 
low-density layers (5, 17). Here we describe methods for both 
detergent and non-detergent-based extraction of lipid microdo-
mains and suggest appropriate controls to assess the purity of 
the isolated fractions. The methods we describe were used to 
determine the compartmentalisation of the pore-forming Kir6.1 
subunit of arterial ATP-sensitive potassium (KATP) channels in 
vascular smooth muscle caveolae (18, 19) and provide a useful 
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starting point in assessing the distribution of proteins between 
raft and non-raft regions. We would recommend that where pos-
sible fractionation experiments be followed up by functional and 
immunocytochemical studies.

1. 2-(N-Morpholino)ethanesulphonic acid (MES) buffered 
saline (MBS): 25-mM MES, 150-mM NaCl, pH 6.5. Store at 
4°C.

2. Homogenisation buffer: MBS, 1% Triton-X 100 (v/v). Chill 
in refrigerator and keep on ice prior to use (see Note 1).

3. Pestle and mortar. Place in a −80°C freezer for several hours 
before use.

4. Liquid nitrogen.
5. Hand-held homogeniser.

1. MBS: 25-mM MES, 150-mM NaCl, pH 6.5. Store at 4°C.
2. MBS, 90% sucrose (w/v). Chill in refrigerator and keep on ice 

prior to use.
3. MBS, 35% sucrose (w/v). Chill in refrigerator and keep on ice 

prior to use.
4. MBS, 5% sucrose (w/v). Chill in refrigerator and keep on ice 

prior to use.
5. Centrifuge tubes.

1. 500-mM sodium carbonate (Na2CO3), pH 11. Store at 4°C.
2. Pestle and mortar. Place in a −80°C freezer for several hours 

before use.
3. Liquid nitrogen.
4. Hand-held homogeniser.
5. Probe sonicator.

1. 2-(N-Morpholino)ethanesulphonic acid (MES) buffered saline 
(MBS): 25-mM MES, 150-mM NaCl, pH 6.5. Store at 4°C.

2. MBS, 90% sucrose (w/v).
3. MBS, 250-mM Na2CO3, 35% sucrose (w/v).
4. MBS, 250-mM Na2CO3, 5% sucrose (w/v).
5. Polyethylene-terephthalate thin-walled ultracentrifuge tubes 

(for example Sorvall 12-ml polyclear Cat no. 06752).

7.2. Materials

7.2.1. Preparation of 
Arterial Homogenate: 
Detergent-Based 
(Triton-X 100) Method

7.2.2. Preparation 
of Sucrose Density 
Gradient: Detergent-
Based (Triton-X 100) 
Method

7.2.3. Preparation of 
Arterial Homogenate: 
Non-Detergent-Based 
Method

7.2.4. Preparation 
of Sucrose Density 
 Gradient: Non-
 Detergent-Based 
Method
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 1. Resolving buffer: 1.5-M Tris–HCl, pH 8.8.
 2. Stacking buffer: 0.5-M Tris–HCl, pH 6.8.
 3. 30% acrylamide/bis solution (37.5:1) (this is a potential 

carcinogen when unpolymerised so care should be taken to 
avoid exposure).

 4. N,N,N,N ′-Tetramethyl-ethylenediamine (TEMED).
 5. 10% solution of SDS (w/v) in distilled water.
 6. Ammonium persulphate: Prepare 10% solution (w/v) in dis-

tilled water immediately prior to use.
 7. Isopropanol.
 8. SDS Running buffer (×10): 250-mM Tris base, 1.92-M 

 glycine, 1% SDS (w/v).
 9. Pre-stained molecular weight markers such as Full Range 

Rainbow markers (Amersham Pharmacia Biotech) or pre-
stained markers for molecular weights 27,000–180,000 
(Sigma-Aldrich).

 1. Transfer buffer: 25-mM Tris base, 192-mM Glycine, 20% 
(v/v) methanol. No need to alter the pH. Chill prior to use.

 2. Nitrocellulose membrane (Hybond ECL, Amersham Phar-
macia Biotech).

 3. Tris-buffered saline with Tween (TBS-T): 20-mM Tris–HCl, 
137-mM NaCl, 0.1% (v/v) Tween 20, pH 7.6.

 4. Blocking buffer: 5% (w/v) skim milk powder in TBS-T.
 5. Primary antibody dilution buffer: 1% (w/v) skim milk 

powder in TBS-T.
 6. Primary antibodies: mouse anti-adaptin, anti-caveolin 1, anti-

flotillin 1, anti-flotillin 2 (BD Transduction Laboratories), 
mouse anti-transferrin receptor (Zymed Laboratories, Inc.), 
goat anti-Kir6.1 (R-14; sc-11224) and associated blocking 
peptide (sc-11224P) (Santa Cruz Biotechnology).

 7. Secondary antibody dilution buffer: 1% (w/v) skim milk 
powder in TBS-T (this can be increased to 5% (w/v) skim 
milk powder if the secondary antibody produces high levels 
of background staining).

 8. Secondary antibodies: Horseradish peroxidase-conjugated 
anti-mouse secondary (Jackson Immunochemical Labo-
ratories). HRP-conjugated anti-goat secondary (Sigma-
Aldrich).

 9. Heavy weight blotting paper such as Whatman 3MM 
(0.34-mm thick).

10. Enhanced chemiluminescent (ECL) reagents and Hyperfilm 
ECL (both Amersham Pharmacia Biotech).

7.2.5. SDS-
 Polyacrylamide Gel 
 Electrophoresis 
( SDS-PAGE)

7.2.6. Western  Blotting
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1. Amplex Red Cholesterol Assay Kit (Molecular Probes).
2. Horseradish peroxidase-coupled cholera toxin subunit B 

(Sigma-Aldrich).

The methods given below describe the procedure for isolating 
buoyant, cholesterol-enriched fractions (lipid rafts) from vascular 
smooth muscle cells using both detergent and non-detergent-
based protocols. Both protocols use ultracentrifugation on dis-
continuous sucrose density gradients as a means of separating the 
low-density lipid rafts. It is particularly important that following 
ultracentrifugation all sucrose gradient fractions are characterised 
by Western blot analysis to assess the degree of separation of raft 
and non-raft regions. Useful markers for the raft regions are the 
proteins caveolin and flotillin. Markers for the non-raft regions 
are more problematic due to a lack of consensus over which pro-
teins are universally excluded from rafts. Typically the transferrin 
receptor is used to indicate non-raft regions, although evidence 
suggests that even this receptor may be capable of partitioning 
into rafts under certain conditions (20). β-adaptin, a subunit of 
the adaptor protein (AP) complex found in coated vesicles and 
clathrin-coated pits (21, 22) is another useful non-raft marker, 
although due to its involvement in vesicular trafficking it cannot 
be considered a definitive marker for the plasma membrane. As 
an additional means of identifying fractions containing lipid rafts, 
measurements of sphingolipid and cholesterol levels can be made. 
Sphingolipids (specifically ganglioside GM1) can be determined 
by applying a small amount of each fraction to a nitrocellulose 
membrane and probing with horseradish peroxidase-coupled 
cholera toxin subunit B (23). Cholesterol levels in each fraction 
can be quantified by fluorometric kit-based protocols such as the 
Amplex Red Cholesterol Assay Kit (Molecular Probes). Example 
results are shown in Fig. 7.1.

1. Tissue, in this case, thoracic aorta (see Note 2), can either be 
processed immediately or frozen in liquid nitrogen for later 
use. 2–3 aortae should be used for each fractionation.

2. Place the aortae into a pestle that has previously been stored 
at −80°C (see Note 3). Pour a small quantity of liquid nitro-
gen over the aortae and crush with the mortar until the tissue 
is reduced to a powder.

7.2.7.  Measurement 
of Cholesterol 
and Sphingolipid 
( Ganglioside GM1) 
Content

7.3. Methods

7.3.1. Preparation of 
Arterial Homogenate: 
Detergent-Based 
Method
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3. Homogenise the powdered tissue in 2 mL of ice cold MBS 
(25-mM MES and 150-mM NaCl, pH 6.5) containing 1% 
Triton-X (see Note 1) on ice with a hand-held homogeniser, 
then incubate on ice for a further 10 min.

4. Make the homogenate up to 45% sucrose by the addition of 
an equal volume of ice cold 90% sucrose in MBS and load the 
resulting 4 mL into a thin-walled ultracentrifuge tube. This 
forms the bottom layer of the discontinuous sucrose density 
gradient.

5. Overlay the sample with 4 mL of ice cold 35% sucrose pre-
pared in MBS and then 4 mL of ice cold 5% sucrose again 
prepared in MBS.

6. Separate the buoyant and non-buoyant membrane fractions 
by centrifugation of the sucrose gradient at ∼260,000×g for 
18 h at 4°C using an ultracentrifuge equipped with swing-out 
rotor (for example Sorvall TH-641). Remember to pre-cool 
the centrifuge before use and keep the gradients on ice until 
transferred to the centrifuge.

Fig. 7.1. Separation of caveolar and non-caveolar membrane fractions from rat aortic smooth muscle. (a) Relative choles-
terol levels in each of ten 1-ml fractions collected from the top to the bottom of a discontinuous sucrose density gradient 
(shown schematically on left). (b) Western blot analysis of the fractions shown in A above to determine the localisation of 
the caveolae membrane marker, caveolin-1 (top panel), the non-caveolar, clathrin-coated pit protein, β-adaptin (middle 
panel) and the pore-forming subunit of the vascular KATP channel, Kir6.1 (adapted from ref. 18).
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7. By carefully placing a pipette tip just under the surface at the 
very top of the gradient, collect consecutive 1-mL fractions 
and place these in pre-labelled tubes on ice. If the centrifuge 
tube is held up to light, the buoyant, cholesterol-enriched 
membranes are sometimes visible as a milky, light-scattering 
band at the 5–35% sucrose interface. Store the fractions at 
−20°C until required for SDS-PAGE.

1. Place 2–3 aortae into a pestle that has previously been stored 
at −80°C (see Note 3). Pour a small quantity of liquid nitro-
gen over the aortae and crush with the mortar until the tissue 
is reduced to a powder.

2. Homogenise the powdered tissue in 2 mL of 500-mM 
Na2CO3 pH 11 on ice with a hand-held homogeniser.

3. Disrupt the cell membranes by sonicating the homogenate (3 
× 20 s bursts) on ice using a probe sonicator.

4. Make the homogenate up to 45% sucrose by the addition of 
an equal volume of ice cold 90% sucrose in MBS (25-mM 
MES and 150-mM NaCl, pH 6.5) and load the resulting 
4 mL into a thin-walled ultracentrifuge tube. This forms the 
bottom layer of the discontinuous sucrose density gradient.

5. Overlay the sample with 4 mL of 35% sucrose prepared in MBS 
with 250-mM sodium carbonate and then 4 mL of 5% sucrose 
again prepared in MBS with 250-mM sodium carbonate.

6. Separate the buoyant and the non-buoyant membrane frac-
tions by centrifugation of the sucrose gradient at ~260,000×g 
for 18 h at 4°C using an ultracentrifuge equipped with swing-
out rotor (for example Sorvall TH-641).

7. By carefully placing a pipette tip just under the surface at the 
very top of the gradient, collect consecutive 1-mL fractions 
and place these in pre-labelled tubes on ice. If the centrifuge 
tube is held up to light, the buoyant, cholesterol-enriched 
membranes are sometimes visible as a milky, light-scattering 
band at the 5–35% sucrose interface. Store the fractions at 
−20°C until required for SDS-PAGE.

1. These instructions assume the use of a Mini-PROTEAN 3 
electrophoresis system (Bio-Rad).

2. Clean the glass plates with a 70% ethanol solution and dry 
before use.

3. Prepare a 0.75-mm thick, 10% resolving gel by mixing 2.5 mL 
of 1× resolving buffer with 3.33 mL of acrylamide/bis, 100 µL 
of 10% SDS and 3.97 mL of distilled water. To polymerise the 
gel add 100 µL of 10% ammonium persulphate solution and 
5 µL of TEMED. Pour the gel up to approximately 3 cm from 
the top to leave space for the stacking gel and overlay with

7.3.2. Preparation of 
Arterial Homogenate: 
Non-Detergent-Based 
Method

7.3.3. SDS-
 Polyacrylamide Gel 
Electrophoresis
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 isopropanol to prevent the top of the gel from drying out. The 
gel should polymerise in about 10–20 min depending on room 
temperature. (Keeping some of the gel mix in a universal tube 
is often a good idea to gauge the degree of  polymerisation.)

 4. Once the gel has set, pour off the isopropanol and rinse 
the surface of the gel well with distilled water. Remove any 
excess water by inserting a strip of filter paper between the 
plates taking care not to disturb the surface of the gel.

 5. Prepare the stacking gel by mixing 2.5 mL of 1× stack-
ing buffer with 1.3 mL of acrylamide/bis, 100 µL of 10% 
SDS, 6.0 mL of distilled water. To polymerise the gel add 
100 µL of 10% ammonium persulphate solution and 10 µL 
of TEMED. Pour on top of the polymerised resolving gel to 
the top of the plates and insert the comb. The stacking gel 
should set within approximately 10 min depending upon the 
room temperature.

 6. Prepare the running buffer by mixing 100 mL of 10× run-
ning buffer with 900 mL of distilled water.

 7. Once the stacking gel has set, carefully remove the comb and 
wash several times with distilled water.

 8. Assemble the gel into the running module, and clip the 
module into the running tank. Fill the central reservoir with 
1× running buffer.

 9. Load up to 30 µL (depending on the comb/well size) of 
each fraction from the sucrose gradient in consecutive lanes 
reserving the first and last lanes for pre-stained markers. It is 
often useful to load different markers at each end to deline-
ate samples and to easily identify the orientation of gel.

10. Fill the outer reservoir with 1× running buffer and connect 
to the power supply. Run the gel for about 60–90 min at 
100 V (~20–30 mA). The position of the pre-stained mark-
ers will give an indication of how far a protein of a particular 
molecular weight has migrated. The marker protein caveolin 
has a molecular weight of ~20 kDa. Therefore, ensure that 
the gel does not run for so long that these small proteins 
migrate off the bottom.

 1. Proteins that have been separated by SDS-PAGE are trans-
ferred to nitrocellulose membranes electrophoretically. 
These instructions assume the use of a Mini-PROTEAN 3 
electrophoresis system (Bio-Rad) and wet transfer.

 2. Prepare 1.5 L of transfer buffer and place in cold room/
fridge to chill.

 3. Cut four pieces of heavy weight blotting paper to the size of 
the fibre pads and place in a small volume of transfer volume 
to soak.

7.3.4. Western Blotting
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 4. Cut the nitrocellulose membrane to the size of the resolving 
gel, wet with distilled water and then place along with filter 
paper to soak in the transfer buffer.

 5. Disconnect the gel unit from the power supply and disas-
semble. Separate the glass plates and remove and discard the 
stacking gel.

 6. Place one of the fibre pads onto a flat surface, lay two pieces 
of blotting paper on top of the pad and then place the gel 
carefully on top. Overlay the gel with the nitrocellulose 
membrane and roll over the surface of the membrane with 
something cylindrical (we typically use a plastic disposable 
stripette) to remove any bubbles and ensure good contact 
between the gel and membrane. Complete the sandwich by 
placing the remaining two pieces of blotting paper on top of 
the gel and overlay with the second fibre pad.

 7. Clip into the gel holder cassette and insert into the transfer 
cell ensuring that the nitrocellulose membrane is between 
the gel and the anode. Place the transfer cell in the running 
tank and fill the tank with chilled transfer buffer. Surround 
the running tank with ice (or place the whole assembly in a 
cold room) and connect to the power supply.

 8. Transfer proteins electrophoretically onto the nitrocellulose 
membrane at 100 mV (~300 mA) for approximately 1 h.

 9. Disassemble the apparatus, carefully remove the membranes 
and rinse them briefly in TBS-T.

10. Block the membranes overnight at 4°C in blocking buffer.
11. Dilute the primary antibodies: anti-adaptin (1:1,000) anti-

caveolin 1 (1:1,000), anti-flotillin 1 (1:250), anti-flotillin 2 
(1:5,000), anti-Kir6.1 (1:500) in primary antibody dilution 
buffer and incubate with the membranes for 1–2 h at room 
temperature.

12. Wash the membranes for 3 × 10 min in TBS-T solution then 
incubate with horseradish peroxidase-conjugated secondary 
antibodies (1:20,000 dilution in secondary antibody dilu-
tion buffer) for a further hour at room temperature.

13. Visualise the labelled bands using enhanced chemiluminescence 
(ECL) (Amersham Pharmacia Biotechnologies) and exposure 
to light-sensitive film (Hyperfilm™ ECL™; Amersham).

1. Lipid raft regions are only resistant to solubilisation by cold 
detergents. It is therefore imperative that the detergent-based 

7.4. Notes
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isolation procedure is conducted with all reagents at 4°C and 
with the samples always on ice.

2. Obtained from male Wistar rats (~200 g) killed by stunning 
and rapid cervical dislocation. The care and euthanasia of ani-
mals conformed to the requirements of the UK Animals (Sci-
entific Procedures) Act 1986.

3. Storage at −80°C reduces the chances of the pestle cracking 
upon exposure to liquid nitrogen.
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Chapter 8

Determination of Phosphoinositide Binding to K+ Channel 
Subunits Using a Protein–Lipid Overlay Assay

Alison M. Thomas and Andrew Tinker

Summary

Phosphoinositides are an important component of the cell as they have a variety of roles that include 
cytoskeleton regulation, generation of second messengers, endosome trafficking, membrane transport 
and regulation of ion channels. The direct interaction between phosphatidylinositol-4,5-bisphosphate 
(PIP2) and various inwardly rectifying potassium channels has been shown in recent years. Most of these 
studies have used existing electrophysiological methods. In this review, we describe a rapid and conven-
ient biochemical assay that can be used to show direct binding of potassium channel subunits to anionic 
phospholipids. This method has been used to demonstrate the differences in affinity between members 
of the Kir3.0 family, where only the cytoplasmic C-terminal Kir3.1 domain and the N- and C-terminal 
domains of Kir3.4 have the ability to bind to anionic phospholipids.

Key words: K+ channel, Phosphatidylinositol-4,5-bisphosphate, PIP strip, Phosphoinositides, 
Inward rectifier.

Phosphoinositides play a variety of important roles within the 
cell. These include phosphatidylinositol-3-phosphate (PI3) that is 
involved in endosome trafficking (1) and phosphatidylinositol-4-
phosphate (PI4) that is involved in membrane transport from the 
Golgi, where it is highly abundant, to the plasma membrane by 
the binding of proteins such as FAPP1 and FAPP2 (2, 3). Phos-
phatidylinositol-4,5-bisphosphate (PIP2) has been identified as 
being involved in various important processes including cytoskel-
eton regulation and the generation of second messengers (4). In 
recent years, PIP2 has also been shown to regulate transporters and 
ion channels. These include the Na+/Ca2+ exchanger (5), inwardly 
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rectifying potassium channels, Kir (6, 7), the voltage gated potas-
sium channels, KCNQ (8, 9) and HERG (10, 11), the transient 
receptor potential (TRP) superfamily of cation channels (12) and 
the epithelial sodium channel (EnaC) (13) amongst others.

The interaction between PIP2 and potassium channels has been 
extensively studied in Kir. The presence of PIP2 increases the open 
probability of the channels and its depletion via phospholipase C 
results in channel rundown (14). Direct interactions between PIP2 
and Kir have been demonstrated using [3H]-PIP2 liposomes (6) 
and a PIP2 antibody in inside-out patches (15). Most of the above 
studies have used electrophysiology to show the link between PIP2 
and channel activation. However a more biochemical approach 
was required. To this end, a protein–lipid overlay assay was sub-
sequently developed to allow direct interactions between potas-
sium channel subunits and PIP2 to be observed (16). Our assay 
involved cloning and expressing the cytoplasmic channel subu-
nit of members of the Kir3.0 family as a maltose-binding protein 
(MBP) tagged protein (N-terminal tag), using the protein–lipid 
overlay assay described here to investigate their differing abilities 
to bind to phosphoinositides. We have shown that the C-terminal 
cytoplasmic subunits of different members of the Kir3.0 family 
have differing specificities for phosphoinositides. This binding can 
also be influenced by mutating interesting residues, which has the 
effect of reducing binding, while the addition of the N-terminal 
cytoplasmic subunit results in increasing binding affinities (16).

1. pMALc2x plasmid from New England Biolabs (Herts, UK).
2. E. coli BL21 (DE3) competent cell strain.
3. Growth Media (1 L): 10-g BactoTryptone, 5-g yeast extract, 

5-g NaCl, 2-g Glucose. Autoclaved and stored at 4°C.
4. 1,000× Carbenicillin solution: 100 mg/mL; filter sterilised 

(0.2 µm) and stored at −20°C.
5. 0.1-M Isopropylthiogalactoside (IPTG); filter sterilised (0.2 µm) 

and stored at −20°C.
6. Amylose resin, supplied as 20% ethanol slurry (New England 

Biolabs, Herts, UK) and packed into polypropylene columns 
(Econo-Pac columns, Bio-Rad, Herts, UK).

7. Buffer A: 20-mM Tris–HCl, pH 7.5, 200-mM NaCl, 1-mM 
dithiothreitol (DTT), 1-mM ethylenediaminetetraacetic acid 
(EDTA). Add one tablet of protease inhibitors (Complete 
EDTA free, Roche Diagnostics, UK) to 50 mL of buffer A.

8.2. Materials

8.2.1. MBP Fusion 
Protein Expression 
and Purification
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 8. Elution buffer: buffer A + 10-mM maltose.
 9. Buffer B: 50-mM Tris–HCl, pH 7.5, 200-mM NaCl, 1-mM 

DTT, 1-mM EDTA.
10. Centricon YM-30 centrifugal units (Millipore, UK).

 1. PIP strips containing 16 different phosphoinositides 
(100 pmol per spot) from Echelon Biosciences (Salt Lake 
City, USA). Store at 4°C in the dark.

 2. TBST: 10-mM Tris–HCl, pH 7.5, 150-mM NaCl, 0.1% 
Tween-20.

 3. Blocking buffer A: TBST + 3% non-fatty acid Bovine Serum 
Albumin (BSA).

 4. Anti-MBP antiserum (New England Biolabs, Herts, UK). 
Dilute 1:1,000 in blocking buffer A.

 5. Blocking buffer B: TBST + 5% non-fat milk powder.
 6. Secondary anti-rabbit IgG (GE Healthcare, Bucks, UK): dilute 

1:5,000 in blocking buffer B.
 7. ECL Western blotting System (GE Healthcare) used for 

chemiluminescent labelling and detection.
 8. Hyperfilm ECL (GE Healthcare).

 1. Scion Image (Scion Corporation, Maryland, USA) to ana-
lyse the relevant spot intensity.

 2. GraphPad Prism version 4 (GraphPad Software, San Diego, 
CA, USA) for data analysis and presentation.

Eukaryotic Kir proteins, and membrane proteins in general, are 
difficult to obtain in a soluble form and in large quantities suita-
ble for biochemical studies. The bacterial MBP expression system 
allows the production of large amounts of protein and easy puri-
fication through the presence of the MBP tag. In addition, MBP 
is a highly soluble protein that has been shown to increase the 
solubility of aggregation prone proteins when they are expressed 
as a fusion protein (17). It is also thought that the presence of 
MBP encourages the correct folding of the fusion partner (17, 
18). For this reason, the MBP expression system was used in this 
method. As our channel subunits were shown to be highly unsta-
ble upon cleavage from MBP using Factor XA the entire fusion 
protein was used directly in the biochemical assay. This allowed 
us to use MBP as a control protein in all of the assays to ensure 

8.2.2. Protein–Lipid 
Overlay Assay

8.2.3. Analysis of 
Protein–Lipid Overlay

8.3. Methods
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that any binding that was observed was not due to the presence 
of MBP itself.

The use of nitrocellulose membranes containing different 
anionic phospholipids, such as the PIP strips used in this assay, 
provides a rapid and convenient method of determining binding 
to channel subunits. Additionally, PIP Arrays are available (Echelon, 
USA) that allow a dose-response curve to be determined. In 
this study, the cytoplasmic domain of Kir3.1 was able to bind 
to monophosphoinositols such as PI4 whereas the cytoplasmic 
domains of Kir3.2A and Kir3.4 were unable to bind any of the 
phosphoinositides present (Fig. 8.2). This reflects the functional 
data observed with the homomeric Kir3.1 that recovers from 
inhibition relatively quickly after stimulation of a Gq/11 receptor 
such as the M3 muscarinic receptor as compared to the homo-
meric Kir3.2, which does not.

 1. E. coli BL21 (DE3) competent cells containing the desired 
MBP-Kir3.0 plasmid (see Note 1) are grown in Growth Media 
containing 1× carbenicillin until the OD600 is 0.6–0.8 nm.

 2. IPTG is added to a final concentration of 0.3 mM and the 
cultures grown overnight at 25°C (see Note 2).

 3. Cells are collected by centrifugation (4,000×g for 30 min at 
4°C) and the resulting pellet resuspended in buffer A con-
taining Protease Inhibitors (20 mL per 1 L of cell culture). 
Store the cell resuspension at −20°C until required.

 4. Thaw the resuspended cells on ice and sonicate (5 × 60 s) to 
lyse the cell membranes (see Note 3).

 5. Centrifuge (10,000×g for 30 min at 4°C) to separate the 
insoluble membranes and the soluble cytosolic fractions. 
Keep the supernatant on ice until required.

 6. Resuspend the resulting pellet in 10 mL of buffer A contain-
ing protease inhibitors and repeat steps 4 and 5 above (see 
Note 4). The supernatant was pooled with that from step 5 
and subsequently diluted fourfold.

 7. A bed volume of 5–6 mL of amylose resin, packed into a 
chromatography column, is pre-equilibrated using 10 col-
umn volumes (CV) of buffer A (see Notes 5 and 6).

 8. Load the diluted supernatant from steps 5 and 6 onto the 
column.

 9. The column is subsequently washed with 12 CV of buffer A 
to remove non-specifically bound proteins.

10. The desired MBP-Kir3.0 protein is eluted from the column 
using Elution buffer (see Note 7). Fractions of 1 mL are col-
lected for a total of 3 column volumes. The fractions that 
contain protein (determined using BioRad Protein Assay 

8.3.1. Expression and 
Purification of MBP 
Fusion Proteins
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solution using the manufacturer’s instructions) are pooled 
and concentrated using a centricon YM-30 (as per the man-
ufacturer’s instructions) until the protein concentration is 
determined to be greater than 5 mg/mL.

11. Protein is aliquoted and flash frozen in liquid nitrogen 
before storage at −80°C. An example of the purification of 
MBP-Kir3.4C is shown in Fig. 8.1. A total yield of 5–20 mg 
of protein was obtained per 500 mL of culture.

 1. Incubate a PIP strip with blocking buffer A for 1 h at room 
temperature on a rocking platform shaker (see Notes 8–10).

 2. Incubate the blocked PIP strip with blocking buffer A con-
taining 1 µg/mL of the desired MBP fusion protein, rock-
ing overnight at 4°C.

 3. Wash the PIP strip with TBST for 10 min at room tempera-
ture before discarding the buffer and repeat to obtain a total 
of three washes.

 4. Incubate the PIP strip with anti-MBP antiserum in blocking 
buffer A for 2–3 h at room temperature on a rocking plat-
form shaker (see Note 11).

 5. Wash the PIP strip for 15 min at room temperature and sub-
sequently wash twice for 5 min with TBST.

 6. Incubate the PIP strip with the desired secondary antibody, 
anti-rabbit immunoglobulin G (IgG), in blocking buffer B 
for 1 h at room temperature on a rocking platform shaker 
(see Note 12).

8.3.2. Protein–Lipid 
Overlay Assay

Fig. 8.1. Purification of MBP-Kir3.4C. A 10% SDS-PAGE showing purification of MBP-
Kir3.4C fusion protein. M BioRad Precision plus Broad range SDS standards, U unin-
duced cells, I induced cells, S soluble protein, In insoluble protein, E eluted protein 
(2 µg). Marker sizes are indicated in kilodaltons (kDa) (reproduced from ref. 16 with 
kind permission from Springer Science and Business Media).
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 7. Wash the PIP strip once with TBST for 15 min followed by 
four washes of 5 min duration.

 8. Detection of protein binding to the PIP strip: Mix 250 µL of 
detection reagent 1 and 250 µL of detection reagent 2 together. 
The PIP strip is placed on Clingfilm and the detection solution 
pipetted onto it. Fold the Clingfilm to ensure an even applica-
tion of solution and leave at room temperature for 1 min.

 9. Remove the PIP strip from the Clingfilm and remove excess 
solution using a tissue held to one corner before placing the 
PIP strip into the film cassette (see Note 13). In a dark room, 
the PIP strip is exposed to a sheet of Hyperfilm ECL for a 
few seconds before being processed with a Kodak X-Omat 
1000 Processor.

10. The phosphoinositides that have bound to protein will show 
up as a visible spot and those that have not bound to protein 

Fig. 8.2. Protein–lipid overlay assay with Kir3.0 C-terminal MBP proteins. (a) PIP strips with the various MBP fusion 
proteins bound: (i) MBP only, (ii) MBP-Kir3.1C, (iii) MBP-Kir3.2C, and (iv) MBP-Kir3.4C. LPA lysophosphatidic acid, LPC 
lysophsphatidylcholine, PE phosphatidylethanolamine, PC phosphatidylcholine, S-1-P sphingosine-1-phosphate, PA 
phosphatic acid, PS phosphatidylserine. (b) Graph showing the average spot intensity (n = 4) for the indicated phos-
phoinositides determined for each protein. Statistical significance was determined using one-way ANOVA and Dunnetts 
post-test and is represented as the following: **p < 0.01 and *p < 0.05 (reproduced from ref. 16 with kind permission 
from Springer Science and Business Media).
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will not be visible. An example of this is shown in Fig. 8.2a 
with MBP alone, MBP-Kir3.1C, MBP-Kir3.2C and MBP-
3.4C.

1. Using Scion Image software, load file. Using a round spot to 
give 352 square pixels, measure the number of pixels within 
the spot (see Note 14).

2. The intensity of the background should then be subtracted 
from the sample spot (see Note 15).

3. Plot the values as a graph using GraphPad Software. An exam-
ple of this is shown in Fig. 8.2b.

4. Analyse individual spots by comparing the sample spot to the 
control MBP spot using One-Way ANOVA and Dunnetts 
Multiple Comparison Post-Test (see Note 16).

1. Cloning of the desired Kir3.0 channel subunit was carried out 
using standard techniques. This generated a gene with MBP 
sequence at the N-terminus of the Kir3.0 C-terminal cytoplas-
mic channel subunit. The boundaries were determined using 
ScanProsite although any other similar program can be used.

2. Expression of the protein was carried out at 25°C overnight in 
order to ensure that the maximum amount of soluble protein 
was obtained. Lowering the temperature of growth cultures 
results in slower protein production and subsequently a larger 
proportion of the protein remains soluble and correctly folded 
(19). As shown in Fig. 8.1 the proportion of protein in a 
soluble form is >50% of the total protein.

3. During the sonication process to lyse the cell membranes it is 
important to keep the cell lysate on ice between each 60 s pulse. 
The sonication process generates a lot of heat and therefore the 
sample should be allowed to cool down between each pulse.

4. By repeated sonication and centrifugation the amount of soluble 
protein that is released from within the cells can be increased as 
sometimes the first round of lysis is not as efficient as expected.

5. All subsequent steps were carried out at 4°C to preserve pro-
tein function.

6. The chromatography columns used here were subjected to 
gravity flow chromatography. They are fitted with an upper 
bed support that prevents the column from running dry. 
However this method can also be adapted to suit any chroma-
tography system.

8.3.3. Analysis of 
Protein–Lipid Overlay 
Assay

8.4. Notes
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 7. The presence of maltose in the Elution buffer competes with 
the MBP portion of the fusion protein for binding to the 
Amylose resin to allow the elution of the MBP-Kir3.0.

 8. Gloves and a pair of forceps must be used to handle the PIP 
strips to ensure that no contamination occurs. Plastic con-
tainers such as Petri dishes work well for washing the PIP 
strips.

 9. On initial immersion into blocking buffer A the PIP strip 
must be fully submerged into the buffer. If necessary use a 
pair of forceps to ensure that it is submerged.

10. During all of the washing steps the PIP strip must be fully 
submerged in the blocking or washing buffers. The PIP strip 
should also have the phosphoinositides spots facing upwards 
(the cut upper left hand corner can be used for orientation) 
to ensure adequate washing and to subsequently reduce the 
amount of background observed.

11. In the method described here, the primary antibody used 
was the anti-MBP antiserum as we could show that this was 
a reliable antibody, which recognised both the MBP-Kir 
fusion proteins and the MBP control protein that was used 
as a negative control. However, any other reliable primary 
antibody could be used in this system.

12. An anti-rabbit IgG secondary antibody is used here as the 
primary antibody, anti-MBP, was raised in rabbits. The sec-
ondary antibody should be species specific for the primary 
antibody used.

13. When placing the PIP strip in the film cassette, again ensure 
that the cut corner is towards the top left of the cassette.

14. It is important to make sure that the selected circle encom-
passes as much of the spot as possible to ensure correct 
measurement of density per spot.

15. A measurement of the background intensity should also be 
taken, as this will ensure accurate measurements. A spot of 
the same size of the sample should be selected within the 
PIP strip that is representative of the overall background 
observed.

16. An n number of at least three is required for statistical analy-
sis via ANOVA.
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Chapter 9

Protein Complex Analysis of Native Brain Potassium 
Channels by Proteomics

Guillaume Sandoz and Florian Lesage

Summary

TREK potassium channels belong to a family of channel subunits with two-pore domains (K2P). TREK1 
knockout mice display impaired polyunsaturated fatty acid-mediated protection against brain ischemia, 
reduced sensitivity to volatile anesthetics, resistance to depression and altered perception of pain. Recently, 
we isolated native TREK1 channels from mouse brain and identified their specific components by mass 
spectrometry. Among the identified partners, the A-Kinase Anchoring Protein AKAP150 binds to a 
regulatory domain of TREK1 and acts as a molecular switch. It transforms low activity, outwardly recti-
fying TREK1 currents into robust leak conductances resistant to stimulation by arachidonic acid, mem-
brane stretch and acidification. Inhibition of the TREK1/AKAP150 channel by Gs-coupled receptors 
is as extensive as for TREK1 alone (but faster) whereas inhibition of TREK1/AKAP150 by Gq-coupled 
receptors is reduced. Furthermore, the association of AKAP150 with TREK1 channels integrates them 
into postsynaptic scaffolds where G protein-coupled membrane receptors and channels dock simultane-
ously. This chapter describes the proteomic approach used to study the composition of native TREK1 
channels and point out its advantages and limitations over more classical methods (two-hybrid screenings 
in the yeast and bacteria or GST-pull down).

Key words: Ion channels, Proteomics, Scaffolding proteins.

TREK1 and TREK2 are closely related pore-forming subunits 
that belong to the family of two-pore domain potassium (K2P) 
channels (1, 2). They produce outwardly rectifying currents with 
low basal activity in classical conditions of heterologous expres-
sion (3, 4). Mechanical stress and cell swelling, intracellular 
acidification, temperature, polyunsaturated fatty acids (PUFAs), 
including arachidonic acid, and lysophospholipids are natural 
stimulators of TREK channels (for a recent review see ref. 5). 
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On the other hand, neurotransmitters and hormones that activate 
Gq- or Gs-coupled receptors decrease their activity (4, 6). In 
terms of pharmacology, TREK1 and TREK2 are opened by clini-
cal concentrations of volatile anesthetics (7) and riluzole (8), a 
drug used to protect motoneurones in amyotrophic lateral scle-
rosis. Mice with gene inactivation of TREK1 (TREK1−/−) show 
an increased vulnerability to both epileptic seizures and brain 
ischemia (9). They have lost neuroprotection by PUFAs, are 
more resistant to volatile anesthetics and display altered pain 
perception (10). In addition, TREK1−/− mice present a depression-
resistant phenotype (11).

Ion channels are composed of hydrophobic pore-forming sub-
units often associated with auxiliary subunits. Growing evidence 
indicates that trafficking, addressing and functional properties of 
native ion channels depend on their lipidic and proteic environ-
ments (12). In particular, the specificity and the speed of their regu-
lations by membrane receptors require a promiscuous organization 
of the constitutive channel subunits with membrane receptors 
and complexes of intracellular molecules. Since their discovery in 
1996, significant progress has been achieved in understanding the 
electrophysiological behaviours and physiological roles of TREK 
channels. However, nothing was known about their native proteic 
environment, in particular, in neuronal cells. Usually, the meth-
ods used to find partner proteins are the two-hybrid screenings 
in bacteria or yeasts, and the GST-pull down coupled to 2D-gel 
separation and mass spectrometry identification of precipitated 
proteins. The main concern is the number of false-positives gener-
ated by both techniques. They arise because observed interactions 
occur between partial sequences and not between full-length pro-
teins, and also because interacting proteins are not in their origi-
nal cellular context. Another major drawback is that rare partners 
such as true auxiliary subunits are not easily recovered. Rare RNAs 
are not systematically reverse-transcribed and cloned in cDNA 
libraries used for two-hybrid screening. By GST-pull down and 
2D-gel separation of precipitated proteins, only abundant proteins 
can be spotted and further identified by mass spectrometry.

To overcome these limitations, we designed a proteomic 
approach based on immunoprecipitation and mass spectrometry 
(MS) analysis of native channel complexes (13). Affinity-purified 
antibodies directed against TREK1 were covalently crosslinked 
to protein A-sepharose to produce anti-TREK1 immunobeads. 
These beads were incubated with brain synaptosomal proteins 
solubilized in a buffer containing a mild detergent, then briefly 
washed. Bound proteins were eluted and separated by SDS-
PAGE. The nature of the precipitated proteins was determined 
by nanoLC-ESI-MS/MS (Fig. 9.1). From C57Bl6J wild-type 
(WT) mice, more than 110 different proteins were identified 
(Table 9.1). The precipitation of many of these proteins was due 
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to nonspecific binding to immunobeads and to crossreactivity of 
antibodies to epitopes unrelated to TREK1. A control immuno-
precipitation was carried out by using solubilized synaptosomal 
proteins prepared from TREK1−/− mice. The vast majority of the 
proteins precipitated from WT mice were identical to the pro-
teins isolated from TREK1−/− mice with the exception of four of 
them which were subsequently studied in detail. One of them, 
AKAP150, has a spectacular effect on TREK channel functional 
properties (13). This result stresses the importance of this type 
of study for understanding ion channel function in the native 
cellular context.

Fig. 9.1. Summary of the differential approaches used to identify proteins interacting with native TREK1 channels. Syn-
aptosomal proteins were solubilized and then incubated with anti-TREK1 beads. Anti-TREK1 antibodies are directed 
against the amino-terminal region (N-ter) of TREK1. After a fast wash step, bound proteins were eluted and separated 
by SDS-PAGE then analyzed by mass spectrometry of tryptic peptides. In the absence of TREK1 (proteins prepared from 
TREK1−/− mice, right panel), only proteins binding nonspecifically to the beads or carrying epitopes related to the N-ter 
of TREK1 were precipitated. Proteins interacting with TREK1 from WT mice (left panel), are coprecipitated in addition to 
the proteins resulting from nonspecific binding.



Table 9.1
Proteins nonspecifically precipitated by anti-TREK1 beads 
and identified by mass spectrometry
Transport Metabolism

Na/K-ATPase α1, 2, 3, β1 Glutamine synthase

K–Cl cotransporter Pyruvate dehydrogenase

Calcium ATPase 1 and 2 Glutamate transaminase

Glial glutamate transporter 3 Malate dehydrogenase

Glutamate transporter 1 and 2 Lactate dehydrogenase

ATP synthase α-and β-subunits Triose phosphate isomerase

ATPase, H+ transporting, V1 subunit D Cytochrome C

Cytoskeleton and cell structure Carbonic anhydrase 2

β-spectrin homolog NADH-ubiquinone oxidoreductase

α-spectrin GAPDH

Tubulin α2 and β2 Pyruvate kinase

Dynamin Glucose phosphate isomerase

α, β and γ actin Adenine nucleotide translocase-1

Actin-related protein 2 and 3 Aconitase

Erythrocyte protein band 4.1 Hexokinase

14-3-3 ζ and γ Creatine kinase

Clathrin, heavy polypeptide α-enolase

AP1 β1 Manganese superoxide dismutase

AP2 α1 and β2 Glyceraldehyde-3-phosphate

NCAM 1 precursor Dehydrogenase

Myelin proteolipid Sdha protein

Spectrin α2 Others

Neurofascin CTL serine protease 1

α-adaptin C Preprogranzyme G

(continued)



CD47 Apolipoprotein A-IV precursor

Exocytosis, vesicle trafficking TGF-β resistance-associated protein

SNAP-25 Picalm protein

Syntaxin 1B1 Adenine nucleotide translocase-1

Synaptotagmin ADP, ATP carrier protein T2 – mouse

SNAP-91 Myelin proteolipid

Syntaxin binding protein TBP-interacting protein

SV2 Picalm protein

Synaptophysin Heat shock protein 1, 4 and 9

Endophylin Valosin containing protein

AMPH SHPS-1

VAMP2 Dm-20

Septin 5 CRMP1

Signaling Septin 4

Go α2 Endophilin I

G β2 SIR2L2

RAC3 Slc25a4

CDC42 Harvey rat sarcoma virus oncogene

ARF3 Golli-myelin basic protein precursor

RAS homolog Myelin proteolipid

RAB3, RAB6, RAB8 and RAB11 Dm-20

Protein phosphatase 3 Vasolin

PKAII α and β Stxbp1

PDE1 N-ethylmaleimide sensitive fusion protein

Peroxiredoxin 1 and 5 NDR2

TRAG Cell division cycle 10 homolog

Table 9.1
(continued)
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 1. Whole brains from WT and TREK1−/− adult mice.
 2. Homogenization solution: 0.32-M sucrose, 100-µM CaCl2, 

1-mM MgCl2.
 3. 2-M sucrose solution: 2-M sucrose.
 4. 1-M sucrose solution: 1-M sucrose, 100-µM CaCl2.
 5. CaCl2 solution: 100-µM CaCl2.
 6. Wash buffer: Phosphate Buffered Saline (PBS, Eurobio).
 7. Solubilization buffer: PBS containing 1% Triton X-100 

(Sigma), 2-mM EDTA and a mixture of protease inhibitors 
(Roche Diagnostics).

 1. Aminolink beads (Pierce).
 2. Glycine buffer: 0.2-M glycine, pH 2.5 (HCl), 45 µm fil-

tered.
 3. Protein A-sepharose 4B fast flow beads (Sigma).
 4. 0.5-M EDTA, pH 8 (NaOH); 45-µm filtered.
 5. PBS (Eurobio); 45 µm filtered.
 6. 1-M Tris–HCl, pH 7; 45 µm filtered.
 7. 0.2-M triethanolamine (Sigma), pH 8.2 (NaOH).
 8. 50-mM dimethyl pimelimidate (DMP) (Sigma) in 0.2-M 

triethanolamine, pH 8.2 (NaOH).
 9. 50-mM ethanolamine, pH 8.2 (HCl).
 10. Elution buffer: 50-mM diethylamine (DEA) (Sigma), 150-mM 

NaCl, pH 11.6.
11. SigmaPrep spin columns (Sigma).
12. Laemmli sample buffer (Bio-Rad).

 1. Criterion XT Bis–Tris gel 12% (Bio-Rad).
 2. Coomassie blue G250 (Bio-Rad).

 1. Immunize adult rabbits against a glutathion-S-transferase 
(GST) fusion protein (GST-TREK1) comprising the amino-
terminal part of TREK1 (residues 1–44, Genbank accession 
number NP_034737) fused to GST (see Note 1).

 2. Crosslink both GST and GST-TREK1 to amino beads fol-
lowing the manufacturer’s protocol (Pierce).

9.2. Materials

9.2.1. Synaptosome 
Preparation and 
Protein Solubilization

9.2.2. Affinity Col-
umn Preparation and 
Immunoprecipitation

9.2.3. Protein 
Separation by 
SDS-PAGE

9.3. Method

9.3.1. Preparation 
of Affinity-Purified 
Anti-TREK1 Antibodies
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 3. Pre-absorb antibodies directed against the GST-tag by incu-
bating 10 mL of serum with GST aminolink beads (1 mL at 
5 mg/mL) during 2 h at 22°C. After centrifugation, collect 
the supernatant and incubate with GST-TREK1 aminolink 
beads (1 mL at 1 mg/mL) for 1 h at 22°C.

 4. Wash the GST-TREK1 aminolink beads with 5-column 
volumes.

 5. Elute the affinity-purified anti-TREK1 antibodies using 
2 mL of glycine buffer.

 6. Neutralize the pH of the solution containing the eluted anti-
bodies using NaOH.

 7. Determine the concentration of anti-TREK1 antibodies 
using a Bradford assay (Bio-Rad) (see Note 2).

 1. Gently spin down 0.3 mL of protein A-sepharose beads 
(50/50 slurry) with a mini desktop centrifuge (1,000×g, 
2 min) and wash twice with PBS.

 2. Re-suspend the beads in 0.3 mL of PBS and add 0.3 mg of puri-
fied antibodies (here anti-TREK1 antibodies). Mix on a rocking 
table for 1 h at 22°C. Spin down (1,000g, 2 min) and save the 
supernatant for a Bradford assay to verify that all the antibodies 
have been adsorbed on the protein A-sepharose beads.

 3. Wash the beads with 10 volumes of 0.2-M triethanolamine 
(twice) then spin down.

 4. Re-suspend the beads in 20 volumes of freshly made 50-mM 
DMP in 0.2-M triethanolamine, pH 8.2 for covalent 
crosslinking of antibodies to protein A.

 5. Gently rotate 45 min at 22°C, then spin down and suck off 
the liquid fraction.

 6. For neutralization, re-suspend the beads in an equal volume 
of 50-mM ethanolamine, pH 8.2 and gently agitate on a 
rocking table 5 min at 22°C. Spin down and suck off the 
supernatant.

 7. Re-suspend the beads in an equal volume of 50-mM eth-
anolamine pH 8.2 and keep for 1 h with gentle agitation at 
room temperature.

 8. Spin down, exchange ethanolamine for PBS (twice) and 
remove the supernatant.

 9. Wash twice with 10 volumes of elution buffer (pH 11.6) 
to eliminate the antibodies that are not covalently 
crosslinked. Immediately after, wash in PBS. The beads 
are ready to use.

10. Antichannel beads can be stored at 4°C for several weeks/
months by adding sodium azide (final concentration: 0.05%) 
(see Note 3).

9.3.2. Preparation 
of the Anti-TREK1 
Affinity Column
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 1. Sacrifice five WT and five TREK1−/− mice by decapitation 
and rapidly collect the whole brains by dissection.

 2. Drop the brains into ice-cold homogenization solution 
(around 6 mL for five brains, total volume of 10 mL).

 3. Homogenize with a tissue grinder (Potter Elvehjem, total 
clearance 0.1 mm), 12 up-and-down strokes at 1,000 rpm.

 4. Dilute with 28 mL of 2-M sucrose solution, then add 12 mL 
of CaCl2 solution. Mix. The final concentration of sucrose is 
1.25 M. Transfer 25 mL into two SW28 (25 × 89 mm) cen-
trifuge tubes (Beckman).

 5. On this 25-mL layer carefully pour a 10-mL layer of 1-M 
sucrose solution, then a last layer of 5 mL of 0.32-M sucrose 
solution above to form a three-layer discontinuous gradient.

 6. Spin for 3 h at 100,000×g and 4°C (Beckmann ultracentrifuge).
 7. The first white upper band is mainly formed by myelin. The 

pinkish band at the interface between 1.25- and 2-M sucrose 
layers contains synaptosomes, while the red pellet contains 
mitochondria, blood cells, nuclei and cell debris.

 8. The myelin layer was carefully discarded and then the synap-
tosomes were gently collected by pipetting.

 9. The synaptosomes were diluted and gently homogenized in 
30 mL of PBS and spun down 1for 5 min at 10,000×g to 
remove sucrose.

10. Finally, the synaptosomal pellets were re-suspended in 4 mL 
of PBS and used immediately or kept at −80°C after protein 
quantification using a Bradford assay (Bio-Rad).

 1. Spin down 10 mg of synaptosomal proteins for 15 min at 
10,000×g. Re-suspend the pellets in solubilization buffer (1 mL), 
gently agitate for 4 h at 4°C on a rocking table, then centrifuge 
for 30 min at 20,000×g at 4°C. Collect the supernatant contain-
ing the solubilized membrane proteins and keep at 4°C.

 2. Wash 50 µL of the beads twice with 500 µL of PBS containing 
0.1% Triton-100.

 3. Load the solubilized proteins (1 mL of supernatant) onto the 
beads (50 µL corresponding to 100 µg of antichannel IgG) and 
incubate overnight at 4°C with gentle agitation (see Note 4).

 4. Load the beads and supernatant into a SigmaPrep spin column 
connected to a vacuum apparatus for aspiration of the superna-
tant and wash buffer (Vac-Man laboratory vacuum manifold, 
Promega) (see Note 5).

 5. Quickly wash the beads with 5 mL of ice-cold lysis buffer.
 6. Remove the SigmaPrep spin column from the Vac-Man and 

place in an Eppendorf tube.

9.3.3. Synaptosomal 
Protein Preparation

9.3.4. Immunoprecipi-
tation
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 7. Elute the bound proteins by adding 25 µL of Laemmli sample 
buffer and incubating for 10 min at 22°C with gentle agitation 
(see Note 6).

 8. Spin down (1,000×g, 5 min) and keep the eluate for gel sepa-
ration.

 1. Load the precipitated proteins onto a commercial denaturing 
gel and separate for 1 h at 150–200 V.

 2. Stain the gel using coomassie blue (see Note 7).
 3. Cut each lane into ten fragments and identify the precipitated 

proteins via direct nanoLC-ESI-MS/MS analysis of trypsin-
digested gel fragments (see Note 8).

 1. The cytosolic carboxy-terminal (C-ter) domain of TREK1, 
immediately following the fourth transmembrane segment 
(M4), plays a key structural role in channel activation sug-
gesting that this region may be involved in protein-protein 
interaction and regulation. To prevent an eventual competi-
tion between the binding of the precipitating antibodies and 
the protein partners, we targeted the anti-TREK1 antibodies 
against the amino-terminal part of the channel.

 2. Usually around 500 µg of specific antibodies are recovered from 
10 mL of crude serum.

 3. To check the quality of the affinity beads, different amounts 
of GST, GST-TREK1 and BSA proteins were incubated with 
5 µL of beads. Precipitated proteins were analyzed by SDS-
PAGE. The column was able to precipitate GST-TREK1 
and to a minor extent, GST alone. The binding capacity 
was estimated to be close to 500 ng of GST-TREK1 per µL 
of beads.

 4. By Western blot analysis, and using GST-TREK1 for compari-
son and quantification, we estimated that 10 ng of solubilizable 
TREK1 channel was present in 1 mg of the total synaptosomal 
proteins. 10 mg of synaptosomal proteins corresponds to 100 ng 
of solubilized TREK1 channel.

 5. At this step it is important to avoid allowing the column to dry out.
 6. The Laemmli sample buffer MUST NOT contain any reduc-

ing agent such as dithiothreitol (DTT) or β-mercaptoethanol 
(β-ME) to avoid reduction of interchain disulfide bridges and 
release of IgG chains in the eluate.

9.3.5. SDS-PAGE and 
Protein Identification

9.4. Notes
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 7. The maximal amount of precipitable TREK1 being 100 ng, 
coprecipitated partners are not visible after Coomassie blue 
protein staining. There were no staining differences between 
the lanes corresponding to control and test conditions.

 8. With this method, 100 proteins were precipitated and identi-
fied. The vast majority of the proteins precipitated from WT 
mice were identical to the proteins isolated from TREK1−/− 
mice. Most of these proteins are abundant in the brain (Table 
9.1). Only four proteins were specifically precipitated from 
WT mice and are good candidates as TREK1 protein partners. 
Two of them have a significant effect on the TREK1 current. 
The main advantage of this approach is to generate very few 
false-positives in comparison to the two-hybrid screenings. Its 
most obvious limitations are related to the solubilization and 
washing steps. If the binding affinity is low, the interaction 
between the channel and its protein partner will be lost during 
these steps. This can be only partially prevented by the mild 
conditions of solubilization (Triton X-100) and the unique 
and vacuum-assisted rapid wash of the beads. Finally, the very 
low abundance of TREK1 is another limitation. If some inter-
actions are specific of discrete and reduced brain regions, the 
corresponding amount of precipitated complexes may not be 
sufficient for mass spectrometry detection and identification.

This work was supported by the Ligue Nationale Contre le Cancer 
(LNCC) and by a Japan–France Integrated Action Program 
SAKURA (06980UF).
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Chapter 10

Xenopus Oocytes as a Heterologous Expression System for 
Studying Ion Channels with the Patch-Clamp Technique

Paolo Tammaro, Kenju Shimomura, and Peter Proks

Summary

Oocytes from the Xenopus laevis represent one of the most widely used expression systems for functional 
characterization of ion channels. Their large size facilitates both injection of heterologous cRNA and 
subsequent electrophysiological recordings of ion channel currents. Furthermore, Xenopus oocytes trans-
late cRNA very efficiently, resulting in the generation of a large number of ion channels in the plasma 
membrane. In this chapter, we outline methods for oocyte preparation and maintenance and describe 
procedures for patch-clamping of oocytes, with a special focus on the macropatch technique. We discuss 
some common problems associated with patch-clamping of oocytes and their use as an expression system 
for ion channels.

Key words: Xenopus laevis, Oocytes, Ion channels, Patch-clamp, Macropatch, Inside-out, Outside-
out, Patch-cramming, Heterologous expression.

The South African frog Xenopus laevis has been used for a number 
of years as a laboratory animal and for its oocytes (see Note 1; 
see also refs. 1–3). Xenopus oocytes provide several advantages 
in addition to their ability to efficiently translate heterologous 
cRNA into the respective protein, and to dock and insert func-
tional membrane proteins of mammalian (or other) origin into 
their plasma membrane (4). (1) Xenopus laevis is bred and kept 
in captivity at a relatively low cost (1, 5). (2) Due to their large 
diameter (∼1.1 mm) oocytes are particularly amenable to manip-
ulations such as cRNA injection (see Note 2) and electrophysio-
logical experiments. (3) Furthermore, since oocytes are naturally 
released into an adverse environment they are adapted for the 
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efficient translation of proteins, independent of the necessity of 
absorbing nutrients from the environment.

Due to the efficient translation of injected cRNA, large-
amplitude ion channel currents can be recorded from oocytes 
using the macropatch technique. A further advantage of the 
oocyte as an expression system is that amplitudes of endogenous 
currents are usually very small in comparison to those of heter-
ologously expressed channels. Furthermore several cRNAs coding 
for different subunits can be coinjected in a defined ratio. This 
is of considerable importance when studying diseases associated 
with heterozygous mutations in ion channel genes, since this 
situation can be simulated by coinjecting an equal amount of 
wild-type and mutant subunits (see Note 3; see also ref. 6).

It is important to keep in mind, however, that heterologously 
expressed polypeptides can sometimes upregulate endogenous 
channels in oocytes as well as endogenous proteins that may 
interfere with heterologously expressed proteins through the for-
mation of heteromeric complexes (see Note 4). Likewise, differ-
ences in the lipid membrane composition between oocytes and 
native cells could modify the channel functional properties.

In this chapter, we describe the preparation and handling of 
Xenopus oocytes for the functional characterization of ion chan-
nels using the patch-clamp technique (7, 8). Several references 
are available that describe the electronics of the recording appa-
ratus in detail (e.g., see refs. 9, 10) and therefore this will not be 
described here.

1. Collagenase type V.
2. MS222 (ethyl 3-aminobenzoate methanesulfonate salt).
3. OR-2 solution: 82.5-mM NaCl, 2-mM KCl, 5-mM HEPES, 

1-mM MgCl2 (adjust pH to 7.4 with NaOH).
4. Barth solution: 88-mM NaCl, 1.68-mM MgSO4, 10-mM 

HEPES, 0.47-mM Ca(NO3)2, 2.4-mM NaHCO3, 0.41-mM 
CaCl2 (adjust pH to 7.5 with NaOH).

5. Shrink solution: 20-mM KCl, 10-mM HEPES, 200-mM 
K-aspartate, 5-mM EGTA (adjust pH to 7.4 with KOH).

1. Microinjector (e.g., Drummond Nanoject, Drummond, Sci-
entific Co., Bromall, USA).

2. Glass capillaries for injection: e.g., 3-000-203-G; Drummond 
Scientific, Pennsylvania, USA.

10.2. Materials

10.2.1. Oocyte 
Preparation and 
Maintenance

10.2.2. mRNA 
Injection
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3. cRNA.
4. RNAase-free water to dilute cRNA stock.
5. RNase-free pipette tips.
6. Plastic film.
7. Mineral oil.
8. 96-well plates (e.g., Microtest 96-well Assay Plate; BD Biosciences, 

Franklin Lakes, USA).

1. One patch-clamp apparatus.
2. Pipette puller (e.g., Narishige PC-10, Narishige Scientific 

Instrument Lab, Tokyo, Japan).
3. Microforge (e.g., Narishige NF-900).
4. Capillary glass for macropatch pipette: e.g., 1.5-mm outer 

diameter, 0.86-mm inner diameter borosilicate glass.
5. Capillary glass for micropatch pipette: e.g., 1.6-mm outer 

diameter, 1.2-mm inner diameter (Aluminiumsilicate or boro-
silicate glass).

6. Mineral oil.
7. Sylgard (Dow Corning, Midland, MI).

1. Female Xenopus laevis are anesthetized by immersion in a 
solution of MS222 (1 g/l added to the water) or a similar 
anesthetic. It is good practice to place the animal on ice 
for surgery, to prolong the anesthetic effect. Through a 
small abdominal incision, a few ovary sacks are removed 
via a mini-laparotomy. The incision is then sutured and the 
animal is allowed to recover. Alternatively, the animal can 
be sacrificed. The procedure must conform to guidelines 
of the institution and country in which the procedure is 
carried out.

2. Immature stage V–VI oocytes (11) are incubated for 
60–90 min with 1-mg/ml collagenase in divalent ion-free 
OR-2 solution at room temperature. A volume of ∼5 ml of 
oocytes is digested in 15 ml of OR-2 (plus collagenase) solu-
tion. The flask is gently shaken during this period to ensure 
that enzymatic digestion occurs evenly. Some investigators 
report that addition of trypsin inhibitors can help improve 
the quality of the oocytes (4). To stop the enzymatic reac-
tion, the oocytes are repeatedly washed with Barth solu-
tion. After enzymatic digestion, the remaining follicular cell 

10.2.3. Patch-Clamp 
Recordings

10.3. Methods
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layer is removed manually using two straight forceps (No. 5, 
Dumont, Switzerland). Oocytes showing evenly colored 
poles are selected and stored in Barth solution supple-
mented with 50 µg/ml of gentamycin and usually injected 
with cRNA on the same day or on the day after. Defollicu-
lated oocytes should be transferred using a Pasteur pipette 
(plastic or glass with fire-polished sharp end).

1. cRNA is injected into the oocytes using a micromanipulator-
mounted microinjector. To prevent cRNA degradation by 
RNAases, appropriate RNAase-free pipettes and DEPC 
water should be used. Gloves should be worn when han-
dling cRNA samples. To prevent small particles blocking 
the injection capillaries it is recommended to briefly centrifuge 
cRNA samples so as to precipitate particles suspended in the 
solution.

2. Glass capillaries are pulled using a conventional pipette puller 
and the tip manually broken under a microscope to a diame-
ter of ∼20 µM. It is possible to smooth the edge of the needle 
using a microforge where the microfilament is covered with 
a drop of soda glass. The tip of the needle is put into contact 
with the melted glass and rapidly removed. This results in the 
formation of a beveled syringe needle-like pipette tip.

3. Injection needles are backfilled with mineral oil using a syringe 
needle to seal the pipette from air. They are then filled with 
1–2 µl of cRNA solution (this volume is sufficient for injec-
tion of ∼20–40 oocytes). To facilitate pipette filling, the drop 
is placed on a small piece of parafilm.

4. For injection, it is convenient to place the oocytes into a 
grooved plastic chamber filled with Barth solution, or to cover 
the bottom of the chamber with a plastic mesh with dimen-
sions similar to those of the oocyte, to hold them in place 
during injection. Injection is done under a conventional ster-
eomicroscope. A hand driven manipulator is used to guide the 
needle toward the oocytes. Each oocyte is injected with about 
50 nl of solution containing ∼2–20 ng of cRNA. If carefully 
observed under a microscope, it can be seen that the oocytes 
tend to swell when injected. This visual inspection may serve 
as an indication that injection has successfully occurred. This 
procedure described for cRNA injection can also be used to 
load oocytes with dyes or substances that modify the intracel-
lular milieu (e.g., the Ca2+ chelator BAPTA or enzyme inhibi-
tors) (12).

5. After injection, the oocytes are stored in Barth’s solution 
(supplied with gentamycin) at 14–18°C in small Petri dishes. 
The Barth solution should be replaced everyday and the 
damaged oocytes removed. To avoid damage of oocytes by 

10.3.2. cRNA Injection 
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enzymes released by injured or dead oocytes, we found it 
beneficial to store them separately from each other. For this 
purpose, oocytes are stored in separate wells of 96-well plates 
(e.g., Microtest 96-well Assay Plate; BD Biosciences, Frank-
lin Lakes, USA) with 200 µl of Barth solution in each well. 
The oocytes can be stored and used for electrophysiological 
experiments for as long as 8–14 days.

1. Before conducting patch-clamp experiments it is important 
to consider that the distribution of heterologous ion channels 
is non-uniform on the oocyte membrane and may depend on 
the channel type (8). Thus, in order to obtain large currents 
in macropatches, several regions might need to be explored 
with multiple patches in order to localize the area with the 
highest density of ion channels (see Note 5). A similar trial 
and error procedure is also necessary when micropipettes are 
used to search for single channels.

2. There is some batch to batch variability in the level of 
expression and distribution of endogenous ion channels and 
transporters. The predominant endogenous conductance 
in oocytes is due to Ca2+-activated Cl− channels (13, 14). 
This may represent a serious problem when performing cell-
attached recordings. In order to reduce activation of Ca2+-
activated Cl− channels on patch excision, the bath solution 
should contain a low Ca2+ concentration and appropriate 
chelators, such as EGTA. Cl− ions can also be replaced by 
impermeable ions, such as methanesulfonic acid (15). Ca2+-
activated Cl− conductances can also be blocked pharmaco-
logically (e.g., with 0.3-mM niflumic acid) (see Note 6; see 
also ref. 16).

3. There are also endogenous cation channels that are normally 
blocked by extracellular divalent cations. These conduct-
ances display a characteristic outward rectification at poten-
tials higher than 60–80 mV. Their activity can be limited by 
maintaining the extracellular Ca2+ and Mg2+ concentrations at 
values greater than 0.1 mM.

4. Some oocytes contain a large number of endogenous stretch-
activated channels that have a single-channel conductance of 
40 pS (7). In excised patches, these channels can be identi-
fied by the application of positive or negative pressure to the 
patch, which stimulates their activity. The activity of these 
channels can be blocked by 100-µM gadolinium (7) (see 
Note 6).

5. For unknown reasons there is considerable seasonal variability 
in the quality of oocytes for heterologous expression studies. 
Better seal formation has been observed by several laborato-
ries from late fall to middle spring.

10.3.3. Distribution of 
Ion Channels in the 
Oocyte Membrane



132 Tammaro, Shimomura, and Proks

In order to perform patch-clamp experiments, the oocyte vitelline 
layer has to be removed. This is done manually, with the aid of 
Type 5 straight forceps and working under a stereoscopic micro-
scope. The skinning can be facilitated by exposing oocytes to a 
hypertonic solution (shrink solution) for a few minutes. Once 
the vitelline membrane is removed, the oocyte is transferred to 
the recording chamber. The oocyte should be handled with great 
care at this stage since, once the vitelline membrane is removed, 
the oocyte is quite fragile and sensitive to exposure to the air-
water interface. Recording chambers are made of perspex or 
polycarbonate to favor the attachment of the oocyte to the bot-
tom. It is good practice to wait for a few minutes before initiating 
experiments, to allow the oocyte to attach to the chamber and 
equilibrate with the bath solution.

1. Three types of glass capillaries can be used for different 
recording conditions. According to the melting tempera-
ture, the capillaries’ glass can be classified as soft (soda 
glass), hard (borosilicate glass) and extra hard (aluminum 
glass) (17). Selection of the glass is made by balancing the 
requirement for low noise-recording characteristics (e.g., 
hard glass has a higher resistance and lower dielectric con-
stant and therefore low noise) and the ease of working 
with each type of glass (e.g., with soft glass it is easier to 
achieve the desired profile of the pipette tip). It is important 
to be aware that soda glass releases heavy metals in the 
presence of divalent cation chelators, like EGTA or EDTA, 
and therefore should not be used when solutions contain 
these substances. Soda glass is also used for the injection 
needle. After being cut to an appropriate length, the edges 
of the glass capillary tubes are rounded using a Bunsen 
burner to mechanically protect the Ag/AgCl electrode in 
the pipette holder.

2. Pull the patch pipette in two stages. The first pull thins the cap-
illary tube and will determine the characteristic of the shaft of 
the electrode, and in combination with the second pull it deter-
mines the tip diameter. We fabricate electrodes on the day of the 
experiment and store them in a closed container.
To reduce the diameter of the pipette tip as well as to smooth 
and clean its surface, the tip of each patch pipette is fire-
polished by bringing it close to a hot platinum wire of a 
microforge before use. Pipettes for macropatches are gener-
ally made from thick-walled borosilicate capillary glass. After 
polishing, they have an opening diameter of ∼10–20 µM and 
an electrical resistance of 0.1–1.0 MΩ (Fig. 10.1).
Pipettes for micropatches (characterized by an electrical 
resistance varying in the range of 2–20 MΩ and tip diameter 
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of ∼1-µM diameter (18) ) are made from aluminiumsilicate or 
borosilicate capillary glass. They may contain a thin filament 
to facilitate filling with the pipette solution. However, such 
a filament acts as a conduit which may cause the intracellular 
solution to creep up inside the pipette wall. This fluid that is 
near the filament may act as a noise source. Thus filamented 
capillaries should be avoided if the level of background noise 
has to be particularly low, such as during an experiment of 
“noise-analysis” or if the single-channel current amplitude is 
very small.

3. To improve the noise characteristics and reduce the tip capac-
ity, pipette tips can be coated with a low dielectric and highly 
hydrophobic silicone polymer (Sylgard) (17, 19). Sylgard 
should be manually applied as close as possible to the pipette 
tip, with the aid of a wire hook and working under a low-
magnification microscope. A hot air stream from a heated 
coil, or a small “oven” made by a platinum coil, can be used 
to induce polymerization.

Ground electrodes are Ag � AgCl electrodes, made with a chlo-
rurated silver wire or Ag � AgCl pellets. To avoid high and unsta-
ble electrode potentials, the bath solution has to contain at least 
10–20 mM Cl−. When it is necessary to use lower chloride con-
centrations, the electrode can be connected to the bath solution 
by an agar salt bridge, which comprises a capillary tube filled 
with 1–3% agar in bath solution. The use of an agar salt bridge 
also prevents contamination of the preparation by Ag+ ions from 
the electrode. Agar bridges can be stored immersed in the bath 
recording solution at 4°C for several weeks.

10.3.4.3. Ground Electrode

Fig. 10.1. Fabrication of macropatch electrodes. Soft soda glass is melted around the platinum wire (diameter of 
∼150 µM) of the microforge. Current is applied through the wire for a few seconds, until the pipette tip begins to melt 
and the desired final shape is achieved.
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1. In a patch-clamp setup specifically designed for patch-clamping 
of oocytes, the electrode holder should be mounted in order 
to approach the membrane at 45°. In this respect a setup 
designed for patching oocytes differs from ones designed for 
patch-clamping of mammalian cells, in which seal formation 
is easier if the pipette holder is positioned at a steeper angle. 
In some cases, a bend in the electrode may help to achieve the 
desired angle. Bending is achieved by placing a heating coil 
near the electrode tip (20).

2. Both intracellular and extracellular solutions should be filtered 
with a 0.22-µM filter immediately before use. Electrodes can 
be back filled with a conventional syringe. Air bubbles that 
may be present in the electrode can be removed by gently 
tapping the electrodes. Inclusion of divalent cations, such as 
Mg2+ or Ca2+, in either the pipette solution or the bath solution, 
facilitates formation of gigaohm seals. To improve the stability 
of the macropatch, the tip of the pipette is dipped briefly in an 
equal mixture of light and heavy mineral oil before it is filled 
with the pipette solution.

3. Using a microscope to observe the movements, the pipette tip 
is brought very close to the edge of the oocyte. The micro-
scope could be either an inverted microscope or a stereoscopic 
microscope with high enough magnification (>30×). Seal for-
mation is monitored electrically by measuring the resistance 
of the electrode before and during seal formation by applying 
a short (∼10 ms) voltage step (∼10 mV) to the pipette and 
measuring the resulting current amplitude.

4. A slight positive hydrostatic pressure should be continuously 
applied to the pipette while the tip is gently and slowly pushed 
into the oocyte without rupturing its membrane. The pipette 
is advanced slowly toward the membrane until a small increase 
in electrical resistance is observed. At this stage the positive 
pressure is released. This should result in a further increase in 
the electrical resistance. Seals with electrical resistance greater 
that 1 GΩ (gigaseals) can sometimes form simply by releas-
ing the positive pressure.

5. If a gigaseal is not obtained following the release of posi-
tive pressure, negative pressure is applied to the pipette by 
gentle suction. The suction should be stopped when the seal 
resistance becomes greater than 1 GΩ. Intense or prolonged 
suction should be avoided as it may result in distortion of 
the membrane or formation of deep omega-patches or mem-
brane vesicles. Recommended values for positive pressure 
before pressing the electrode into oocyte range are between 
10–40 mm H2O and for negative pressure (suction) during 
sealing formation between 100–200 mm H2O (7).

10.3.4.4. Macropatch 
Recording
Sealing
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6. Seal formation may become particularly slow when the seal 
resistance increases to above 10–20 MΩ. In such cases, nega-
tive pipette electrical potentials (up to 40 mV) may help pro-
moting sealing. The formation of a gigaohm seal can take 
from a few seconds up to ∼5 min.

7. Attention has to be paid when monitoring seal formation in 
oocytes injected with ion channels that are open at the patch 
holding potential. In this case, a tight seal might be achieved 
even if the patch electrical resistance does not reach GΩ values.

Excision of cell-attached patches is achieved by quickly removing 
the pipette tip from the oocytes, in a solution normally contain-
ing high K+ and no Ca2+. The speed of the pipette removal should 
be inversely proportional to the size of the membrane patch 
excised. Sometimes, when the patch is excised very slowly, mem-
brane vesicles can form. Vesicles are sometimes difficult to see but 
they can be identified by the manifestation of a slow capacitive 
transient in response to a voltage pulse, observed after excision. 
Some researchers thus recommend compensation of capacitive 
transients before excision. In most cases, a vesicle is broken by the 
slow movement of the pipette toward a small silicone sphere until 
a change in the capacitive transient is observed (7), or by crossing 
the water–air interface.
1. Unwanted currents may originate either from a leak arising 

from a poor seal between membranes and recording elec-
trodes or by endogenous membrane currents. Endogenous 
current can be minimized by choosing correct solutions (see 
Step2 Subheading 10.3.3). Leaks and endogenous currents 
can be estimated by blocking the ion channel currents of 
interest using specific pharmacological blockers (if available).

2. When recording voltage-gated ion channels, leak currents 
and uncompensated capacitance can be effectively subtracted 
using a P/N voltage clamp protocol (21). Briefly, at volt-
ages below the activation threshold of the voltage-dependent 
channels, a number of voltage pulses that are scaled to a frac-
tion of the test pulse (e.g., P/4) are applied N times (e.g., 
four times), and the resulting currents are averaged, scaled 
and subtracted from the current elicited by the test pulse.

With the patch-clamp technique, recordings can be obtained in 
cell-attached, inside-out (i.e., the intracellular side of the mem-
brane is exposed to the bath solution) or outside-out membrane 
patches (i.e., the extracellular side of the membrane is exposed to 
the bath solution). The membrane patch potential (Vm) is under 
the control of the potential applied to the pipette (Vp). In cell-
attached configuration, the Vm = −Vp + Vr, where Vr is the resting 
potential of the cell. Therefore, when Vp = 0, Vm is equal to the 
cell resting potential Vr. Depolarizing steps from this potential are 
obtained by applying a negative V whereas positive Vp voltages 
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correspond to hyperpolarization of Vm. In cell-attached configura-
tion, inward membrane currents appear as positive signals at the 
current monitor outputs. Further, in the inside-out configuration, 
where Vm = −Vp, the sign of the control potential and the recorded 
current are inverted. In order to follow the standard electrophysi-
ological convention (i.e., outward currents are positive and positive 
voltages are depolarizing), the acquisition software used must also 
be properly programmed, in order to invert digital stimulus and 
sampled values. Conversely, in the outside-out configuration, Vm = 
Vp, and currents have the conventional polarity.

The basic technique for micropatch recording is similar to that 
which we have described for macropatch. The electrodes are 
pulled to a much smaller diameter than that typically used for 
macropatch pipettes. Formation of gigaseal with small pipettes is 
also very similar to that described for macropatches. Following 
initial contact with the membrane, suction is applied to form a 
tight gigaseal. Outside-out patches can be obtained by rupture 
of the patch after seal formation and slow removal of the pipette 
from the oocytes. Formation of outside-out patches with a mac-
ropipette is also possible, but the rate of success is considerably 
lower than with micropipettes. The intensity of the suction used 
in order to favor seal formation with micropipettes can be 2–5-
fold greater than that used to assist macropatch formation.

The large size of the oocyte is particularly suitable for patch-
cramming, i.e., insertion of the patch-containing pipette into the 
oocyte (see Fig. 10.2). After excision of an inside-out patch, the 
pipette is pushed deep into the oocyte. We found that patch sur-
vival with this technique is quite high (80–90%); thus the patch 
can be repeatedly exposed to cytoplasmic and bath environments. 
For example, this approach has been used to demonstrate that 
cytoplasmic constituents (e.g., protein kinases) play a role in reg-
ulating the activity of certain ion channels (22–25).

1. It should be noted that oocytes from other amphibians (such 
as oocytes from the cane toad Bufo marinus (26, 27) ) have 
been successfully used as heterologous protein expression 
systems and may represent an alternative to Xenopus oocytes. 
This may be particular relevant in Australia, Asia and the 
Americas where B. marinus is widely available.

2. In the early days, receptors and ion channels were expressed 
in Xenopus oocytes by injection of total poly(A) mRNA 
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extracted from tissue samples (e.g., see refs. 28, 29). This 
method has the obvious disadvantage that all possible mRNA 
are translated into proteins. With the advent of gene cloning, 
the use of complementary RNA (cRNA) became predominant.

3. With respect to the expression of ion channels that are com-
posed of two or more subunits, the amount of cRNA for each 
subunit that needs to be injected depends, in principle, on the 
stoichiometry of the subunits comprising the channel and the 
length of the cRNA encoding each subunit. However, dif-
ferent efficiency of RNA translation, or different posttransla-
tional processing could modify this relationship. For example, 
the pancreatic beta cell KATP channel is formed by four Kir6.2 
subunits, forming the channel pore, and an equal number of 
auxiliary subunits (SUR1). SUR1 is a protein of 1,581 amino 
acids whereas Kir6.2 is about five times shorter (390 amino 
acids). We found that the best KATP channel expression is 
achieved by injecting that five times more of the cRNA cod-
ing for SUR1 than coding for Kir6.2 RNA. Presumably, this 
results in the translation of approximately the same number of 
Kir6.2 and SUR1 subunits.

4. Examples include the IKs channel formed from the heterol-
ogously expressed IsK (minK) subunit and the endogenous 
KvLQT1 subunit (30). Oocyte-specific interactions between 

Fig. 10.2. Macroscopic KATP current recorded at −60 mV from a Xenopus oocyte coexpressing Kir6.2 and SUR1. 
The patch was excised in nucleotide-free solution at the time indicated by the arrow and reinserted into the oocytes 
(crammed) as indicated. The dashed line indicates the zero current level. Note that the current is virtually completely 
blocked in cell-attached or cramming mode, presumably because the high intracellular ATP level within the oocytes 
results in the complete blockage of the KATP channel.
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voltage-gated sodium channels and the cytoskeleton have also 
been reported (31).

5. The expression levels are sometimes higher around the site 
of injection. For this reason, it can be useful to use a similar 
injection site in all oocytes, such as the centre of the animal 
hemisphere.

6. If blockers of endogenous channels are used, it is always 
important to check that they do not affect the activity of 
heterologously expressed ion channels. For example, of high 
concentration gadolinium might have electrical screening 
effects on the plasma membrane.

We wish to thank Drs. Oscar Moran and Tim Craig for their criti-
cal reading of the manuscript and helpful comments. P.T. holds a 
Junior Research fellowship at Wolfson College, Oxford.
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Chapter 11

Whole-Cell Recording Using the Perforated Patch 
Clamp Technique

Jonathan D. Lippiat

Summary

Many ion channels, particularly potassium channels, are regulated by intracellular substances, such as 
nucleotides or Ca2+. These modulators are washed out of the cell during standard whole-cell patch clamp 
recordings, or maintained at a particular concentration if they are included in the pipette solution. Perfo-
rated patch clamp recording permits electrical access between the cell and the patch pipette using pore-
forming antibiotics such as nystatin or amphotericin B. These are permeable to small monovalent ions 
but present a physical barrier to the larger impermeable ions and molecules. This maintains the integrity 
of many cytoplasmic components including soluble second messengers, and also helps to prevent chan-
nel “run down”.

Key words: Amphotericin B, Nystatin, Patch clamp, Perforated patch, Potassium channels.

One of the key advantages of the whole-cell patch clamp tech-
nique is the ability to determine the chemical environment on 
each side of the cell membrane through the careful design of 
both the bath and pipette solutions. Upon rupture of the patch of 
membrane enclosed by the tip of the patch pipette, the cell con-
tents become a continuum with the pipette solution. As a result 
there is a two-way diffusion between the two compartments; for 
example, the ions and buffers (pH and calcium) invade the cell 
with a loss of nucleotides from the cell.

This aspect of patch clamp recording can also be a disadvan-
tage when studying potassium channels that are dependent on the 
intracellular environment. Some channels are classified according 
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to their intracellular modulators, such as ATP-sensitive K+ channels 
(KATP), cyclic nucleotide-gated channels (KCNG), or Ca2+-activated 
K+ channels (KCa), and the levels of these modulators change dur-
ing normal cell functioning; a process that may be prevented by 
the whole-cell configuration. Many cells exhibit run down, where a 
loss of channel activity is observed over many seconds or minutes. 
This change in behaviour is attributed to the dialysis of substances 
that are required to maintain channel activity. In many cases this 
substance may be known, e.g. ATP that is required for channel or 
lipid phosphorylation by associated kinases can be added to the 
pipette solution, or it may be an unknown factor.

The perforated patch clamp technique is a variation of whole-
cell recording, but instead of rupturing the membrane enclosed by 
the patch pipette by suction or “zapping” it is instead perforated 
by the incorporation of pore-forming substances supplied by the 
patch pipette. Perforation can be achieved using the antibiotics 
nystatin (1) or amphotericin B (2), which are both permeable to 
the small monovalent ions Na+, K+, and Cl−. These ion-permeable 
pores provide electrical access between the pipette and the cell 
due to the currents carried by these ions, but present a physi-
cal barrier to impermeable ions (e.g. Ca2+) and molecules with a 
molecular weight above approximately 200 (e.g. ATP, glucose). 
The seal between the membrane and the pipette glass prevents 
the lateral diffusion of antibiotic away from the enclosed patch 
and maintains the integrity of the configuration (3).

In this chapter, the perforated patch method that was used 
to record K+ currents from mouse pancreatic β-cells (4) and 
HEK293 cells (5) is described, using perforation of the latter 
cell type with amphotericin B as an example. Amphotericin B is 
a polyene antibiotic that is commonly used as a fungicidal agent 
in tissue culture media (Fungizone). It has an affinity for ergos-
terols found in fungal membranes where it accumulates to form 
pores to disrupt cellular homeostasis. At the higher doses used 
in the pipette solutions amphotericin B invades the patch of 
membrane enclosed by the patch pipette through interactions 
with cholesterol.

1. HEK293 cells.
2. Culture medium: DMEM + 10% FBS.
3. PBS.
4. Trypsin–EDTA cell dissociation solution.
5. 35 mm plastic Petri dishes.

11.2. Materials

11.2.1. Cell Culture
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1. Amphotericin B (usually supplied as ≈80% purity).
2. Dimethylsulfoxide (DMSO).
3. Opaque or amber light-resistant microtubes.
4. Aluminium foil.

1. Patch clamp apparatus.
2. Pipette puller.
3. Microforge.
4. Capillary glass (thin-walled, unfilamented, see Note 1).
5. Glass 50 µl syringe with needle (e.g. Hamilton) to fill patch 

pipettes.
6. 1 ml plastic syringe.
7. Syringe filter disc, 20 µm holes.
8. Pipette solution: 70 mM K2SO4, 10 mM NaCl, 1 mM CaCl2, 

1 mM MgCl2, 10 mM HEPES, pH 7.2 with KOH (see Note 2). 
This solution is stable at 4°C for several months, but check 
the pH before use.

9. Bath solution: 137 mM NaCl, 5.6 mM KCl, 2.6 mM CaCl2, 
1.2 mM MgCl2, 10 mM HEPES, pH 7.4 with NaOH. This solution 
is stable at 4°C for several months, but check the pH before use.

1. Wash cells twice with PBS and harvest using the trypsin–
EDTA dissociation solution.

2. Add culture medium and centrifuge cells (200 g for 1 min).
3. Aspirate supernatant and re-suspend in the culture medium, 

diluting if necessary.
4. Add 2 ml of cell suspension to each of the 35 mm Petri dishes 

and incubate overnight (see Note 3).

Amphotericin B is light-sensitive, so care must be taken to limit the 
exposure of the compound to both natural and artificial light.
1. Measure 3 mg of amphotericin B powder into a light-sensitive 

microtube using an analytical balance.
2. Dissolve amphotericin B with 50 µl of DMSO using a sonica-

tor to give a 60 mg/ml stock solution (see Note 4).
3. Use immediately or store at −20°C. This stock solution, if 

stored and handled correctly, can be used for 1 week.

11.2.2. Amphotericin 
Stock and Pipette 
Solutions

11.2.3. 
 Electrophysiology

11.3. Methods

11.3.1. Cell Culture

11.3.2. Preparation 
of Amphotericin 
B  Solutions

11.3.2.1. Stock Solution
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1. Measure 2 ml of the pipette solution into a clean small glass 
beaker or vial of approximately 10 ml capacity (see Note 5).

2. Pipette and dissolve 8 µl of the 60 mg/ml stock amphotericin 
B in DMSO into the pipette solution to give a final concen-
tration of 0.24 mg/ml (see Note 6).

3. Wrap the beaker with two layers of aluminium foil and place on 
ice until use (see Note 7). This solution is viable for 3–5 h.

Remove a dish of cells from the incubator, replace the culture 
medium with 1–2 ml of the bath solution and place on the micro-
scope stage.

A schematic of the following steps is shown in Fig. 11.1.
1. Pull patch pipettes from the glass capillaries using the puller 

and polish using the microforge. The resistance in the experi-
mental solutions should be 3–5 MΩ (see Note 8).

11.3.2.2. Amphotericin 
Pipette Solution

11.3.3. Obtaining 
the Perforated Patch 
Configuration

11.3.3.1. Loading Patch 
Pipette

Fig. 11.1. Preparation and filling of patch pipettes. 1 Pull patch pipettes from capillary 
glass and polish using a microforge. 2 Place tip of patch pipette into a suspended 
droplet of amphotericin-free pipette solution for 5 s. 3 The antibiotic-free region should 
not extend more than 0.5 mm from the pipette aperture. 4 Back-fill patch pipette with 
amphotericin-containing pipette solution. 5 Ensure that no bubbles exist at the interface 
of the two solutions and proceed immediately to electrophysiology.
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2. Load amphotericin-free pipette solution into a 1-ml plastic 
syringe and affix a filter disc.

3. Dispense pipette solution through the filter disc until a drop 
of filtered solution appears and is suspended from the filter 
disc.

4. Place the tip of the patch pipette into the drop of filtered 
pipette solution for 5 s (see Note 9).

5. Swirl the glass beaker or vial containing the amphotericin B 
pipette solution for several seconds (see Note 10).

6. Pierce the needle of the pipette-loading syringe through the foil 
and load the amphotericin-containing pipette solution. Repeat 
steps 4–6 each time a patch pipette is used (see Note 11).

7. Immediately, back-fill the amphotericin pipette solution into 
the patch pipette and proceed to the electrophysiology (see 
Note 12).

1. Place the patch pipette in the electrode holder.
2. Apply a very small amount of positive air pressure to the patch 

pipette via the side-port of the electrode holder (see Note 13).
3. Immerse the patch pipette into the bath and zero the offset 

potential (see Note 14) and Apply 1 mV test pulses from the 
0 mV holding potential.

4. Select a single cell that does not make connections with neigh-
bouring cells (see Note 15).

5. Position the patch pipette against the cell and apply negative 
pressure to the patch pipette to obtain a gigaohm (GΩ) seal 
(see Note 16).

6. Once a gigaohm seal has been obtained, change the test pulse 
to 10 mV, set the holding potential (usually −80 to −60 mV), 
and cancel the pipette capacitance using the amplifier fast 
capacitance cancellation settings.

7. Electrical access to the cell by perforation is indicated by 
the appearance of slow capacitance currents. The access 
resistance (Ra) decreases over time, as more amphotericin 
pores are formed in the membrane enclosed by the patch 
pipette. This can be observed by the change in the shape of 
the capacitance transients: from low amplitude that decays 
slowly (long time constant) to larger amplitude with a short 
decay time (Fig. 11.2 see also Note 17). Monitor access 
resistance using the whole-cell (slow) capacitance cancella-
tion settings on the amplifier and update the settings every 
minute. Once the resistance is below an acceptable value 
(e.g. <10 MΩ), series-resistance compensation circuitry may 
be engaged if required, and the experiment can commence. 
Access resistances that are 3–4 times the pipette resistance 

11.3.3.2. Obtaining 
a  Gigaohm Seal 
and  Perforation
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Fig. 11.2. (A) Representation of a transient capacitance current evoked by a voltage step. (B) Capacitance currents recorded 
from a HEK293 cell undergoing perforation by amphotericin B in the patch pipette. Representative currents at the start of the 
recording (1), after 100 s (2), and after 200 s (3). The decrease in the access resistance is indicated by the increase in the 
amplitude of the current and the rate of decay (shorter time constant).

Fig. 11.3. Sample whole-cell perforated patch recordings from a HEK293 cell. Following perforation the whole-cell 
capacitance was cancelled and 80% series-resistance compensation was applied. (A) Representative currents were 
evoked by 100 ms pulses from −100 to +100 mV from a holding potential of −80 mV. The current–voltage relationship 
is shown in (B).



 Whole-Cell Recording Using the Perforated Patch Clamp Technique 147

are typically obtained. A sample recording under these con-
ditions is shown in Fig. 11.3.

1. Although filamented capillaries can be used, the lack of a fila-
ment in the capillary glass gives better “tipping” partition-
ing between amphotericin-containing and amphotericin-free 
solutions (see Subheading 11.3.3.1).

2. The pipette solution is designed to closely match the intra-
cellular concentrations of K+, Na+, and Cl−, which permeate 
amphotericin B pores. Whilst SO4

2− is used here, other suit-
able impermeable counteranions, such as aspartate, may also 
be used. The gradual exchange of ions between cytosol and 
patch pipette to reach the Donnan equilibrium results in a 
voltage drift over time.

3. Cells can be plated onto glass cover slips if preferred and coat-
ing agents (e.g. poly-D-lysine) used if poorly adherent.

4. Do not attempt to mix with the pipette tip as the amphotericin 
B dissolved in DMSO will stick to the plastic tip. Flick the 
microtube to gather the contents to the bottom, dispense the 
DMSO along the side of the tube, and then sonicate.

5. The use of a glass container is recommended as the ampho-
tericin–DMSO sticks to plastic.

6. This will appear as an apparently insoluble yellow “slug” at the 
bottom of the flask. Dissolve the “slug” by repeated pipetting 
with a 1 ml pipette (e.g. Gilson P1000).

7. The foil prevents destruction of the antibiotic by light.
8. Patch pipettes should be prepared as if they were to be used in 

standard whole-cell recording with relatively low resistances 
to reduce the membrane charging time constant and series-
resistance errors. It is critical that patch pipettes are clean and 
polished to ensure optimal seal formation in as short a time 
possible, and it is worthwhile optimising the cell preparation 
and patch pipette fabrication.

9. The presence of amphotericin B in the pipette solution can 
prevent seal formation, and likewise any amphotericin B 
that leaks from the patch pipette near the cell can damage the 
membrane. By “tipping” the pipette tip with antibiotic-free 
solution, optimal seal formation should take place before 
the amphotericin reaches the tip where it invades the mem-
brane. How much antibiotic-free solution should be loaded 
into the patch pipette tip (i.e. how long the patch pipette should

11.4. Notes
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 be held in the drop of antibiotic-free solution) requires opti-
mising and depends on how quickly gigaohm seals are formed. 
The more a patch pipette is “tipped”, the longer it takes for 
the amphotericin to arrive at the aperture and perforate the 
membrane. The antibiotic-free solution should not go beyond 
0.5 mm from the aperture.

10. Amphotericin can readily come out of the solution or stick 
to the sides of the container. This is remedied by mixing by 
swirling the container prior to use.

11. This approach is preferred to using a conventional patch 
pipette filling syringe containing the amphotericin pipette 
solution as it enables the amphotericin to be mixed immedi-
ately prior to use, and avoids exposure to light, plastic, and 
filtering.

12.  With the use of unfilamented capillary glass, there is a ten-
dency for air bubbles to form at the interface between the 
two solutions. Dispense the amphotericin solution as close 
to the antibiotic-free “tip” as possible, and flick the pipette 
gently to remove bubbles from the taper.

13. This is usually done via tubing that is connected to a 1-ml 
syringe. Positive pressure is applied by pushing the plunger 
to the equivalent of 0.1 ml. The purpose is to maintain an 
outward flow of clean solution that prevents contamination 
from the bath solution and tissue. However, the pressure 
needs to be kept to a minimum so that the amphotericin-
containing solution is not expelled over the tissue prior to 
seal formation.

14. The solutions described here give a junction potential of 
approximately +10 mV. The calculated or measured junc-
tion potential can be accounted for, prior to seal formation. 
This can be done automatically if the amplifier is computer 
driven, or manually by “zeroing” to the junction potential 
using the DC-offset with the amplifier in current clamp 
mode.

15. Contact between HEK293 cells results in electrical coupling 
via gap junctions, which will prevent single cell recording. 
Membrane currents from the additional cells will be con-
ducted via gap junctions. Evidence for this can be observed 
from the whole-cell capacitance where additional compo-
nents with a longer time constant (and therefore through 
higher access resistance) are observed.

16. Suction can be applied using a 1 ml syringe (see Note 13). 
Sealing can be assisted using negative holding potentials, 
but determining the optimum sealing procedure using the 
cells, patch pipettes, and solutions without amphotericin is 
strongly recommended.
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17. The time-course of the capacitance transient follows the 
exponential function I = I0e

−t/t, where I0 is the instantane-
ous current amplitude and  is the time constant. I0 follows 
Ohms Law, I0 = V/Ra, where V is the amplitude of the test 
pulse and Ra is the access resistance (see Fig. 11.2). The 
time constant  equates to RaCm, where Cm is the membrane 
capacitance. As Ra decreases with increased perforation, I0 
increases and  decreases.

I thank Dr. Peter Proks (Oxford) and Dr. John Linley (Leeds) 
for helpful discussion regarding this technique, and the Welcome 
Trust and BBSRC for financial support.
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Chapter 12

Recording the Activity of ATP-Sensitive K+ Channels 
in Open-Cell Cell-Attached Configuration

Andrei I. Tarasov

Summary

The functional activity of ion channels is affected by their local environment, and for certain types of 
channels this local effect is critical. This chapter describes a method of recording the activity of ATP-
sensitive K+ channels, expressed on the plasma membrane of pancreatic β-cells, without destroying the 
β-cell architecture. In the open-cell cell-attached patch-clamp configuration, ligands and effectors of 
these metabolism-dependent channels are delivered to their cytoplasmic side via pores in the plasma 
membrane produced by bacterial toxins.

Key words: ATP-sensitive K+ channels, Patch-clamp, Open-cell cell-attached configuration, Mem-
brane permeabilisation, Bacterial toxins.

Permeabilisation of cell plasma membrane is widely used in cell 
biology to manipulate the concentrations of low-molecular weight 
(low-MW) soluble cytoplasmic components, without losing high-
MW or non-soluble fraction. When applied to intact cells, this 
approach makes it possible to explore intracellular processes in 
what is believed to resemble physiological conditions. Axiomati-
cally, permeabilisation of plasma membrane dissipates the energy 
stored in the form of the gradient of membrane potential. How-
ever, it does not have a direct effect on many membrane-bound 
phenomena, organelle homeostasis and vesicle dynamics.

Several methodologies of cell membrane permeabilisation have 
been developed. Early works used electroporation (“leaky cells” 

12.1. Introduction
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(1) ) and mechanical shearing (“cell cracking” (2) ). For single-cell 
studies, mechanical puncturing of the membrane is possible; how-
ever it is time-demanding and may cause systematic errors. The 
majority of authors therefore use chemical (saponin, digitonin) or 
biological (bacterial pore-forming toxins) agents for membrane 
permeabilisation. We have found that the latter approach works 
better for single-cell studies on pancreatic β-cells.

Bacterial toxin monomers bind to cell membrane, oligomerise 
and form pores, thus converting the membrane into a ‘molecular 
sieve’. The toxins we deal with in this chapter do not interact with 
intracellular proteins or organelles and form pores strictly in the 
plasma membrane: the monomers of S. aureus α-toxin can not 
pass through the pores that they form and streptolysin-O from S. 
pyogenes binds specifically to cholesterol (3). The pore size deter-
mines the selectivity of the permeabilised membrane and, together 
with the surface density of the pores, also determines the diffu-
sion rates through the membrane. Thus, the cut-off molecular
weight is determined only by the nature of the pore-forming toxin 
(Table 12.1) and does not depend on its concentration or exper-
imental conditions. The experimental conditions, however, can 
affect the number of pores that are formed in the membrane and 
thereby the rate of the diffusion through the “molecular sieve”. 
Fixed pore size and plasma membrane targeting help to interpret 
the experimental data unequivocally, minimising the artefacts 
related to diffusion or interaction with organelles. The disadvan-
tages of pore-forming toxins are their price and the complexity of 
the concentration–effect relationship. The toxins are less stable in 
solutions than chemical detergents and quickly lose their activity
at room temperature. The activity of toxins depends on the purity 
of the protein preparation and thus may vary from batch to batch. 
It is also important to remember that toxins introduce certain 
biological hazards.

Cell membrane permeabilisation can be applied in combina-
tion with the patch-clamp technique to study the function of ion 
channels and the kinetics of exocytosis in open-cell cell-attached 
patch-clamp configuration (henceforth “open-cell”). In essence, 
open-cell is a modified version of inside-out excised patch 

Table 12.1
Comparative characteristics of bacterial protein toxins used as tools for cell 
 permeabilisation

Toxin Species
Working 
concentration

Pore radius 
(nM)

Cut-off 
MW (kDa)

Open-cell 
recording

Streptolysin-O S. pyogenes 50–100 HU/ml ∼30 150 Ref. 16

α-Toxin S. aureus 10–30 µg/ml ~1.5 3 Ref. 17
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configuration (“inside-out”), with the difference that, instead of 
the patch being excised from the cell surface, the cell membrane is 
rendered permeable to give direct access to the cytoplasmic side. 
As compared to inside-out patch, using open-cell configuration 
does complicate the experiments technically; the intactness of cel-
lular architecture and local interactions however, can be critical 
for the function of ion channels and exocytotic machinery.

This chapter describes the protocol that we use to study 
the function of ATP-sensitive K+ (KATP) channels in pancre-
atic β-cells, in open-cell patch-clamp configuration. Adenine 
nucleotides, the principal ligands of the KATP channel, block it 
when binding to its pore-forming subunit, Kir6.2. Their Mg2+-
dependent interaction with the regulatory subunit of the chan-
nel, SUR1, decreases the potency of the block. The levels of 
the two key metabolites, ATP and ADP, are thereby coupled to 
the electric potential of the β-cell plasma membrane. Binding 
of adenine nucleotides to the channel is affected by phospho-
creatine and adenosine monophosphate, putatively via reactions 
catalysed by “local” creatine and adenylate kinases (see ref. 4 
for review). In addition, membrane phosphatidylinositol phos-
phates and soluble esters of fatty acids upregulate the channel 
activity when binding to Kir6.2. The complexity of the meta-
bolic regulation of the KATP channel as well as the effect of the 
“local” compartment make the use of open-cell configuration 
advantageous for its study.

In our experiments, we used bacterial toxins, S. aureus 
α-toxin and S. pyogenes streptolysin-O (SLO), to permeabilise the 
cells. α-Toxin is a better choice to study the effect of ligands with 
MW of ∼1 kDa (Table 12.1): in our experience, cells permea-
bilised with α-toxin maintained morphology and had good dif-
fusion rates for adenine nucleotides. However, bearing in mind 
the other applications of open-cell patch-clamp, we have also 
described the features of the protocol based on the use of SLO 
where they are different from that of α-toxin.

1. β-Cell isolation solution: 137 mM NaCl, 5.6 mM KCl, 1.2 
mM MgCl2, 2.56 mM CaCl2, 1.2 mM NaH2PO4, 4.2 mM 
NaHCO3, 10 mM HEPES (pH 7.4 with NaOH), 3 mM glu-
cose, 100 units/ml penicillin, 100 µg/ml streptomycin; 0.5% 
BSA is added ex tempore.

2. 0.2 mg/ml Liberase RI (Roche) dissolved in albumin-free 
β-cell isolation solution.

12.2. Materials

12.2.1. Reagents 
and Buffers
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3. Ca2+-free solution: 137 mM NaCl, 5.6 mM KCl, 1.2 mM 
MgCl2, 1.2 mM NaH2PO4, 4.2 mM NaHCO3, 1 mM EGTA, 
10 mM HEPES (pH 7.4 with NaOH), 3 mM glucose.

4. β-Cells are cultured in RPMI-1640 medium containing 
11 mM glucose, 4 mM glutamine, 10% foetal bovine serum, 
100 units/ml penicillin, 100 µg/ml streptomycin, at 37°C, 
5% CO2, absolute humidity.

5. Extracellular solution used in patch-clamp experiments: 137 
mM NaCl, 5.6 mM KCl, 10 mM HEPES (pH 7.4 with 
NaOH), 1.1 mM MgCl2, 2.6 mM CaCl2, 3 mM glucose.

6. Intracellular solution: 30 mM KCl, 110 mM K-aspartate 
(see Note 3), 0.084 mM CaCl2, 2 mM MgSO4 (see Note 7), 
0.5 mM EGTA, 10 mM HEPES (pH 7.2 with KOH), and 
MgATP as indicated.

7. Pipette solution: 140 mM KCl, 1.1 mM MgCl2, 2.6 mM 
CaCl2, 10 mM HEPES (pH 7.2 with KOH).

Dyes are used to indicate cell membrane permeabilisation.
1. Propidium iodide (PI) is dissolved in intracellular solution to 

the stock concentration of 1 g/l (1.5 mM). Working solution 
is prepared by 1:300 dilution (5 µM).

2. Fluorescein diacetate (FDA) is dissolved in Me2SO (0.5 g/l = 
1.2 mM) and used in 1:1,000 dilution (1.2 µM).

3. Trypan blue is purchased as 4 g/l solution and used in 1:1 
dilution.

The activities of the toxins vary from batch to batch; therefore they 
should be tested prior to experiments (see Subheading 12.3.1).
1. The α-toxin that we use in our experiments is a kind gift from 

Prof. Hagan Bayley, University of Oxford. Efficient β-cell per-
meabilisation has been reported with commercial preparations 
of α-toxin from PhPlate Stockholm (5) or Sigma (6).

2. SLO is purchased from Sigma.

1. Grounded vibration-isolation table with Faraday cage (TMC).
2. Inverted microscope with ×10 and ×40 objectives (Nikon).
3. 3D micromanipulator, preferably electromechanical or piezo-

electric (Luigs and Neumann).
4. Low-noise patch-clamp amplifier (HEKA or equivalent from 

Molecular Devices) with headstage, acquisition interface and 
software. Noise levels of connected and grounded system 
should not exceed 250 fA, with 1 kHz filtering.

5. Oscilloscope (Gould), connected in parallel to the Current 
Monitor of the amplifier. The recording times for open-cell

12.2.2. Dyes

12.2.3. Toxins

12.2.4. Patch-Clamp 
Apparatus
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  experiments may last 1 h, therefore monitoring the signal on 
two timescales is useful.

 6. Peristaltic pump (Gilson).
 7. Perfusion system can be easily manufactured from plastic 

tubing and syringes, and a 200 µl pipette tip can be used to 
join multiple perfusion channels into a single in-flow tube. 
The in-flow is driven by gravity; the rate of perfusion is in 
the range 0.8–2.0 ml/min. Both in-flow and out-flow tubes 
are attached to the microscope table with magnets. Option-
ally, coarse micromanipulators (Narishige) can be used.

 8. Reference electrode (Harvard Apparatus).
 9. The patch-clamp electrodes are pulled from thin-walled 

borosilicate filamented glass capillaries (Harvard Apparatus), 
fire-polished and coated with Sylgard to reduce the noise. 
The resistance of the electrodes filled with pipette solution 
and immersed into the extracellular solution is in the range 
3–5 MΩ.

10. Optional.   Four-pole Bessel filter (cut-off frequency 
1–10 kHz, Frequency Devices) can be connected serially 
between the current monitor of the amplifier and the cur-
rent channel of the acquisition interface.

11. Optional. Microinjector (Eppendorf or equivalent from 
General Valve or Narishige). The key requirement for the 
microinjector is vibration isolation; the injectable volume of 
toxin (∼1 µl) does not, in any way, affect the precision.

1. α-Toxin is:
(a) Dissolved to a concentration of 500 µg/ml in the intracel-

lular solution.
(b) Activity of α-toxin is tested. β-Cells cultured overnight 

in a 24-well plate are incubated in 200 µl of intracellular 
solution containing 0, 0.17, 1.67, 5, 16.67, 41.67 and 
83.33 µg/ml of α-toxin for 10 min at the temperature 
used in the patch-clamp experiments (22–25°C).

(c) The toxin is removed; the cells are washed with 1 ml of intra-
cellular solution, bathed in 200 µl of intracellular solution, 
stained with 200 µl of trypan blue solution and incubated 
for another 2 min. The numbers of “viable” (refractile, 
non-stained) and “non-viable” (inflated, stained) cells are 
counted under an inverted microscope (×10 magnification) 
and the percentage of permeabilised cells is calculated:

12.3. Methods

12.3.1. Testing of the 
Toxin Activity
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number of stained cells
Permeabilised cells(%)= ×100%

total number of cells  (12.1)
(d) The viability is plotted vs. the α-toxin concentration (Fig. 

12.1, open circles, top axis), and the working concentra-
tion of the toxin is selected as roughly the one producing 
permeabilisation of 50% cells (13 µg/ml for the case rep-
resented in Fig. 12.1). See Note 2 for discussion.

(e) The α-toxin is diluted to 20-fold of working concentration 
(i.e. to 260 µg/ml for the case given in Fig. 12.1), assum-
ing an addition of 10 µl of the toxin solution into 200 µl of 
the bath solution during the experiment (see Subheading 
12.3.3). The toxin is aliquoted in 100 µl volumes into 
plastic Eppendorf tubes and stored at −80°C.

2. Streptolysin-O (SLO) is:
(a) Dissolved to a concentration of 6,250 HU/ml in the 

intracellular solution.
(b) Activated by adding 0.14 ml of 1-M dithiothreitol into 

4 ml of 6,250 HU/ml SLO (see Note 5) and incubating 
for 2 h at 37°C. SLO loses its activity when exposed to 
atmospheric oxygen and reduction with dithiotreitol helps 
to reactivate it (7). This step is not required for α-toxin.

Fig. 12.1. Typical concentration–effect curves measured to determine the working con-
centrations of SLO (solid circles) and α-toxin (open circles). β-Cells were incubated 
with different concentrations of the toxins for 10 min at room temperature, and stained 
with trypan blue solution. The percentage of permeabilised cells is counted for every 
toxin concentration.
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(c) The activity of SLO is tested in a similar way to that of 
α-toxin. SLO concentrations tested are 6, 12.2, 49, 195, 
391 and 781 HU/ml.

(d) The working concentration of SLO is 57 HU/ml for the 
case represented in Fig. 12.1 (solid circles, bottom axis).

(e) SLO is diluted to 1,200 HU/ml (for the case given in Fig. 
12.1), aliquoted in 100 µl volumes into plastic Eppendorf 
tubes and stored at −80°C.

 3. After thawing, the toxin aliquot should be kept on ice (+4°C) 
and used within the day. Re-freezing reduces the activity of 
the toxins.

1. All procedures are carried out under sterile conditions and 
(apart from digestion and washing in RPMI-1640) using ice-
cold solutions.

2. Mice are killed by cervical dislocation.
3. The common bile duct is ligated at its exit to the duodenum 

and injected at its exit from the liver, with 2 ml of 0.2-mg/ml 
liberase solution using a syringe and a 30 G needle (8).

4. The infused pancreata is then removed using watchmaker’s for-
ceps and incubated for 20 min in 10 ml of 0.2 mg/ml liberase 
solution, at 37°C. The digest is then washed three times in the 
isolation solution by centrifugation at 300×g for 1 min.

5. Islets of Langerhans are observed under a dissection micro-
scope and hand-picked from the precipitate using 100-µl 
automatic pipette, washed in the dissociation solution, and 
gently aspirated 5–10 times in 2 ml of the dissociation solu-
tion with a fire-polished glass Pasteur pipette.

6. The dissociated islet cells are washed twice in RPMI-1640 
and plated on 35-mm tissue-culture-treated Petri dishes or in 
24-well plates. Alternatively, the cells can be cultured on glass 
coverslips.

7. β-Cells from dissociated islets are used for experiments 
between the second and fifth days in culture.

1. The pre-cultured β-cells are bathed in the extracellular solu-
tion (3 mM glucose) for 15–30 min before patching. This 
reduces the variation of the KATP channel activity observed 
before the permeabilisation, in cell-attached mode.

2. (Optional), FDA (0.5 mg/l) can be added to monitor the 
membrane permeabilisation (see Subheading 12.3.4). Within 
1 min of addition and mixing the viable cells acquire bright 
green cytoplasmic fluorescence.

3. The patch-clamp electrode is filled with the pipette solution, 
introduced into the bath, and the giga-seal is made.

12.3.2. b-Cell Isolation 
and Culture

12.3.3. Open-Cell Cell-
Attached Patch-Clamp 
Configuration
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4. The volume of the bath solution is set to 100–200 µl by using 
a pre-designed perfusion chamber or a perspex insert fitting 
into a 35-mm Petri dish. Given the number of β-cells on each 
dish of around 100 and the mean osmotically active volume 
of a β-cell of 0.8 pl (at 300 mosmol/l) we get the total osmot-
ically active volume of the β-cells on the dish of 80 nl. This is 
less than 0.1% of the total volume of the bath solution, which 
is sufficient for an efficient “concentration clamp”.

5. In the cell-attached mode, at the pipette potential Vp = 0 mV 
(Vm ≈ −60 to −70 mV), single openings of KATP channels can 
be observed (Fig. 12.2). The extracellular solution is then 
replaced by the intracellular solution containing 100 µM 
MgATP (see Note 8), and Vm is set to −60 mV (Vp = 60 mV) 
to restore the gradient of electrochemical potential cancelled 
by symmetrical [K+], [Na+] and [Cl−].

6. (Optional) Propidium iodide (PI; 3.3 mg/l) can be added into 
the bath solution either at this stage, or after the addition of 

Fig. 12.2. Representative recording of the KATP channel activity in open-cell configuration. Addition of ligand (MgATP) is 
indicated by horizontal bars. Time points of addition of α-toxin and acquirement of PI-staining by the cell nucleus are 
indicated with arrows. The time required for diffusion of 100 µM MgATP into the cell is marked as tlag. Parts of the trace 
marked as AA′ and BB′ are displayed on an expanded timescale in the insets below.
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the toxin, to monitor the permeabilisation. We recommend 
adding the dye using an automatic pipette or injection sys-
tem. Please note that frequent exposure to PI may result in 
non-specific staining of glass or plastic surfaces.

 7. The toxin is then introduced into the solution. The perfusion 
is stopped, and 5–10 µl of the toxin is added into the bath 
solution with a 10 µl automatic pipette (Gilson), as a drop-
let, close to the patch electrode. The addition introduces 
a short noise transient into the recording (see Fig. 12.2); 
however it very rarely damages the seal. For other methods 
of adding toxin into the solution see Note 1 and Note 4.

 8. The toxin is left to diffuse, bind to the cell membrane and 
oligomerise, and within 1–2 min the first signs of permeabi-
lisation can be observed. The activity of KATP channels may 
decrease, possibly due to the complete cancellation of [Na+] 
and [K+] gradients, which would reduce the utilisation of ATP 
by the sodium pump (9), whilst the baseline shifts in a more 
positive direction and becomes less “noisy” (see Note 6).

 9. The ensuing increase of PI (decrease of FDA) fluorescence 
and gradual restoration and increase of the KATP activity, 
due to the ATP wash-out, confirm the fact of permeabi-
lisation (Fig. 12.2). If permeabilisation-related effects are 
not observed, one more 5 µl droplet of the toxin should be 
added to the solution, etc., until the cell is clearly permea-
bilised. Likewise, more of the toxin should be added if the 
onset of the permeabilisation is too slow.

10. 3–10 min after the permeabilisation, when the KATP activity 
has reached a stable level, the perfusion of the bath solu-
tion is re-started and the channel activity can be recorded in 
response to various agents. See however Note 9.

The fluorescent dyes propidium iodide (PI) and fluorescein 
diacetate (FDA) are used to visualise the permeabilisation. The 
bright-field dye trypan blue is used to assay the toxin activity. 
Counting the cells by eye is technically easier in the bright field; 
therefore non-fluorescent staining has an advantage.
 1. PI, a fluorescent DNA intercalant (λex = 535 nm, λem = 615 nm, 

MW = 668; compare with 507 of ATP), is membrane-imper-
meant but does permeate through α-toxin pores. Upon the 
permeabilisation of the plasma membrane, the cell acquires 
nuclear red fluorescence, while the cell cytoplasm remains PI-
negative. PI is dissolved in the intracellular solution to the 
working concentration of 3.3 mg/l either before application 
of the toxin or simultaneously or shortly after.

 2. FDA is membrane permeant but in the cytoplasm it gets 
hydrolysed into non-permeant fluorescein (λex = 494 nm, 

12.3.4. Visualisation of 
Cell Permeabilisation
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lem = 517 nm, MW = 332). The working concentration for 
FDA is 0.5 mg/l. Intensive leakage of fluorescein through the 
toxin pores can also be taken as an indication of permeabi-
lisation. One should bear in mind however, that fluorescein 
does (slightly) leak through the intact membrane and has a 
high rate of photobleaching.

 3. Both PI and FDA have broad emission and excitation spec-
tra, which makes it possible to visualise both of them simul-
taneously, using the same filter set. Combining a 470 ± 
20 nm excitation filter, a 520 ± 20 nm emission filter and a 
510 nm dichroic mirror allows one to observe bright green 
fluorescein emission and weaker but distinct emission of PI 
in the orange range of the spectrum.

1. The main driving force of the mass-exchange through the 
permeabilised membrane, in the open-cell experiments, is 
likely to be the gradient of chemical potential rather than the 
hydrostatic pressure.

2. A short lag-period (<60 s for experiments using α-toxin but 
longer in the case of SLO, see Note 10) is always observed 
between addition of the ligand (MgATP) and changes in the 
channel activity (tlag in Fig. 12.2). The over-extension of the 
lag-period reflects insufficient permeabilisation, the lack of the 
lag-period means the patch is excised from the cell surface.

3. In contrast to what is observed in the inside-out patches (10), 
the run-down of the KATP channel is quite small, in the open-
cell configuration. The control (ligand-free) solution can 
therefore be applied only at the start and at the end of the 
experiment.

4. The duration of one open-cell experiment, which can be up 
to 1 h depends on the number of conditions tested. This sets 
limits for the acquisition rate. The acquisition software should 
be able to support long segments of continuous acquisition, 
with or without repeated stimulation, with on-line input of 
labels and comments. pClamp (Molecular Devices) is par-
ticularly recommended, Pulse (HEKA) requires insertion of 
a continuous segment and pre-loading of the solution data-
base. Monitoring the recording on two timescales – “fast” for 
single-channel events and “slow” for the time-course of the 
channel activity – is a good idea.

5. Analysis of the continuous data assumes idealising the trace 
by counting the channel opening and closing events and fur-
ther deriving the channel characteristics (Po, rate constants, 
etc.), in exactly the same way as is done for recordings from 
the inside-out configuration. The data corresponding to the 
diffusion of the ligand (tlag in Fig. 12.2) should be excluded 
from analysis.

12.3.5. Recording and 
Analysing the Ion 
Channel Activity 
in Open-Cell 
Configuration
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1. An efficient way to add the toxin to the solution is by dropping 
an aliquot with an automatic pipette. Adding via a perfusion 
system may produce a more uniform permeabilisation pattern 
due to better mixing but is much less cost-effective. Targeted 
addition of the toxin via the microinjection capillary minimises 
the amount of toxin needed for cell permeabilisation. How-
ever, it is technically more demanding as the capillary needs 
to be re-filled and re-positioned before each permeabilisation. 
The toxin is loaded into the injection pipette and injected into 
the solution, close to the patched cell, in a manner similar to 
that described above for the automatic pipette. The addition 
of the toxin can be visualised by pre-mixing it with 0.5 µg/
ml rhodamine (11). Keeping the toxin within the capillary 
(at room temperature) for long periods of time will result in 
a decrease of its activity. It is advisable not to reduce the total 
volume of the added toxin solution to below 1 µl.

2. Toxin and PI solutions do not mix well when injected or 
pipetted into the bath solution. Their local concentration in 
the area of addition will be higher than the average working 
concentration. The toxin concentration is therefore chosen 
that produces half-maximal permeabilisation of cells during 
the toxin testing.

3. Glutamate is frequently used as a substitute for chloride in 
the intracellular solution. However given its reported role in 
insulin exocytosis (12) we use aspartate. The rationale is to 
mimic the effect of intracellular anions and keep chloride at a 
low (“intracellular”) level.

4. Oligomerisation of SLO monomers does not occur in hypo-
thermic conditions (7), binding to the membrane however 
does occur on ice (+4°C). In principle, this effect can be 
used to trigger the process of pore formation at will, however 
we have never attempted to do this. Millimolar Ca2+ causes 
resealing of SLO pores, which is used to deliver macromol-
ecules into the cells by reversible permeabilisation (13, 14). 
Employing permeabilisation with SLO would not be suitable 
for studies of Ca2+-dependent effects. We are not aware of any 
inhibitory effects of low temperatures and Ca2+ on the forma-
tion and stability of α-toxin pores.

5. Concentrations of toxins are frequently given as HU (haemo-
lytic units), µg/ml, or less frequently as IU (international 
units). HU and IU refer to the activity rather than the con-
centration. None of the three units would however give abso-
lute reproducibility and therefore testing every batch of toxin 
prior to experiments is essential.

12.4 Notes
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 6. The process of membrane permeabilisation can be monitored 
by changes in the baseline noise and the increase of signal-to-
noise ratio. The signal current Is driven by command voltage 
Vp depends, in cell-attached mode (Fig. 12.3a, on the pipette 
resistance (Rpip), the resistance of the patch (Rpatch), the resist-
ance of the ion channels in the patch (Ric), and the whole-
cell resistance of KATP channels (Rwhole-cell). An electromotive 
force Ecell produced by local depolarisation of the membrane 
by high-K+ pipette solution contributes to the impedance as 
well (15). Permeabilisation of the membrane (Fig. 12.3b) 
eliminates the two highly-variable effects: it cancels Ecell and 
dramatically reduces Rwhole-cell. This decreases the noise levels of 
Is, in response to Vp.

 7. If the seals regularly develop leaks, in open-cell configura-
tion, a reduction of the intracellular [Mg2+] to 1.2 mM 
may help.

 8. The presence of 0.1–3 mM of MgATP in the intracellular 
solution is critical. It is not recommended to expose the 
open-cell patch to ATP-free solutions for long periods as it 
causes run-down of the KATP channel activity, which is some-
times irreversible. With MgATP in the intracellular solution, 
the patch can maintain reasonably stable levels of KATP activ-
ity for several hours.

 9. Permeabilisation weakens the attachment of the cell to 
the bottom of the dish. Lifting the electrode to excise the 
patch from the membrane of a permeabilised cell frequently 
results in removal of the whole cell. In this case, the inside-
out patch configuration can be established by bringing the 
electrode tip to the air–water interface.

10. Apart from the gradient of ligand concentration, the 
duration of the lag-period for perfusion (see Subheading 
12.3.5) depends on the number of pores in the mem-
brane and on the pore size. The latter number is constant 
for each toxin but the former varies with toxin concentra-
tion. However it was difficult to increase the number of 
pores when using SLO as high concentrations of the toxin 
had a deleterious effect on the cell and resulted in the loss 
of the seal.

11. In the voltage-clamp recordings described here (open-cell 
and inside-out configurations) the membrane potential is 
taken as equal to Vm = −Vp, where Vp is the potential applied 
to the patch pipette. In the cell-attached configuration, Vm 
parametrically depends on the whole-cell conductance and 
Vm ≠ −Vp.
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Fig. 12.3. Equivalent electrical circuits for cell-attached (a) and open-cell (b) voltage 
clamp configurations. Vp applied voltage, Is “signal” current through the membrane 
patch, Rpip pipette resistance, Rleak resistance of the gigaOhm seal, Rpatch resistance of 
the patch excluding Ric (resistance of the ion channels in the patch), Rwhole-cell whole-cell 
resistance of KATP channels. The electrogenic activity of the cell would be represented as 
two equal electromotive forces of opposite polarity connected serially and therefore will 
have no contribution to the circuit. However, the local depolarisation of the membrane 
due to high [K+] in the patch pipette creates an electromotive force Ec that opposes the 
applied voltage. Metabolism-dependent Ec and Rwhole-cell introduce additional noise in 
cell-attached recording. For open-cell mode (b), the permeabilisation of the membrane 
cancels Ec and reduces Rwhole-cell to a negligible value.
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Chapter 13

Planar Patch Clamp: Advances in Electrophysiology

Andrea Brüggemann, Cecilia Farre, Claudia Haarmann, 
Ali Haythornthwaite, Mohamed Kreir, Sonja Stoelzle, 
Michael George, and Niels Fertig

Summary

Ion channels have gained increased interest as therapeutic targets over recent years, since a growing 
number of human and animal diseases have been attributed to defects in ion channel function. Potassium 
channels are the largest and most diverse family of ion channels. Pharmaceutical agents such as Glibenclamide, 
an inhibitor of KATP channel activity which promotes insulin release, have been successfully sold on the 
market for many years. So far, only a small group of the known ion channels have been addressed as 
potential drug targets. The functional testing of drugs on these ion channels has always been the bottleneck 
in the development of these types of pharmaceutical compounds.

New generations of automated patch clamp screening platforms allow a higher throughput for 
drug testing and widen this bottleneck. Due to their planar chip design not only is a higher throughput 
achieved, but new applications have also become possible. One of the advantages of planar patch clamp 
is the possibility of perfusing the intracellular side of the membrane during a patch clamp experiment in 
the whole-cell configuration. Furthermore, the extracellular membrane remains accessible for compound 
application during the experiment.

Internal perfusion can be used not only for patch clamp experiments with cell membranes, but also 
for those with artificial lipid bilayers. In this chapter we describe how internal perfusion can be applied to 
potassium channels expressed in Jurkat cells, and to Gramicidin channels reconstituted in a lipid bilayer.

Key words: Ion channel, Potassium channel, Gramicidin, Planar patch clamp, Automated electro-
physiology, Internal perfusion, Primary cells, Port-a-Patch.

Ion channels are membrane proteins that act as gated pores for 
the movement of ions across cell membranes. They play an essential 
role in the physiology and pathophysiology of cells in the human 
body. Consequently, ion channels are important targets for the 

13.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
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pharmaceutical industry, as well as for academic research, since 
their dysfunction is directly or indirectly involved in many severe 
disorders such as cardiac arrhythmia, diabetes, cancer, epilepsy, 
chronic pain, cystic fibrosis, and hypertension (1).

The patch clamp technique developed by Erwin Neher and 
Bert Sakmann in the late seventies (Nobel Prize in Medicine 1991) 
is the gold standard for ion channel analysis (2). A glass micro-
electrode is pressed against the cell surface and the ionic currents 
passing through the enclosed ion channels are measured in the 
“on-cell” configuration (see Fig. 13.1).

By applying further suction, the patch of membrane covering 
the pipette tip can be ruptured, which results in direct access to the 
cell’s interior. This, so-called “whole-cell” configuration, allows 
voltage-control of the entire cellular membrane. The exchange of 
the external solution in this configuration is straightforward. The 
exchange of the internal solution, although possible, is quite tedious 
because it has to be accomplished through the pipette.

An easier alternative for exchanging the solution on the inter-
nal side of the cell membrane is given in the “inside-out” config-
uration. This configuration can be obtained by a quick retraction 
of the pipette from the cell membrane as shown in Fig. 13.1. 
A small membrane patch adheres to the tip of the pipette so that 
the inside of the membrane is now facing the bath solution. The 
bath solution can then be easily exchanged. The drawbacks of 

Fig. 13.1. Comparison of the different patch clamp configurations: between pipette-based and planar patch clamp 
(adapted from ref. 9).
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this method are that the external side of the membrane is now 
difficult to access, and that the number of channels remaining in 
the membrane patch is often low.

Figure 13.1 shows a comparison between the different patch 
clamp arrangements between pipette-based and planar patch clamp. 
The planar patch clamp technique allows only two configurations, 
“on-cell” and “whole-cell”. However, because of the use of a planar 
chip substrate, the internal solution can be exchanged more easily. 
A few precautions must be taken into account, which will be 
discussed in this chapter.

1. Cell lines such as HEK 293, CHO, LTK, RBL, NIH 3T3 and 
Jurkat are typically used.

2. Neuroblastoma cell lines such as SHSY5Y, IMR 32 and NG108 
have also been used with a high success rate for seal formation.

3. Primary cells such as Human Erythrocytes, human T-Lym-
phocytes, human Synoviocytes, human saphenous vein cells, 
human neutrophils, rat DRG neurons, DRG satellite cells, have 
also been used successfully.

4. Typical cell media used (PAA Laboratories, Linz Austria):
(a) DMEM/Ham’s F12 with L-Glutamine + 10% FCS.
(b) RPMI 1640 with L-Glutamine + 10% FCS.
(c) MEM with Hanks’ salts with L-Glutamine + 10% FCS.

1. Washing buffer: 1× PBS without Ca2+ and Mg2+ (PAA Labora-
tories, Linz Austria).

2. Detachment buffer (PAA Laboratories, Linz Austria): 1× 
Trypsin–EDTA (1:250). Accutase or AccuMax can also be 
used (see Note 1).

1. Port-a-Patch (Nanion Technologies, Munich, Germany).
2. PatchControl software (Nanion Technologies, Munich, Germany).
3. Patch Clamp Amplifier: EPC10 (HEKA, Lambrecht, Germany).
4. Acquisition software: PatchMaster (HEKA, Lambrecht, Germany).
5. Borosilicate Patch Clamp Chips (Ø ∼ 1 µm): NPC-1 (Nanion 

Technologies, Munich, Germany).
6. Internal K+ buffer: 60-mM KF, 50-mM KCl, 10-mM NaCl, 

2-mM MgCl2, 20-mM EGTA, 10-mM Hepes, pH 7.2 (sterile 
filtered).

13.2. Materials

13.2.1. Cell Culture for 
Planar Patch Clamp

13.2.2. Cell Harvest-
ing for Planar Patch 
Clamp

13.2.3. Planar Patch 
Clamp Using the 
Port-a-Patch
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7. Internal Cs+ buffer: 60-mM CsF, 50-mM CsCl, 10-mM NaCl, 
2-mM MgCl2, 20-mM EGTA, 10-mM Hepes, pH 7.2 (sterile 
filtered).

8. External buffer: 140-mM NaOH, 4-mM KCl, 2-mM CaCl2, 
1-mM MgCl2, 10-mM Hepes, pH 7.4 (sterile filtered).

1. VesiclePrepPro (Nanion Technologies, Munich, Germany).
2. VesicleControl software (Nanion Technologies, Munich, Ger-

many).
3. Indium Tin Oxide (ITO)-coated glass chamber (Nanion 

Technologies, Munich, Germany).
4. 1,2-Diphytanoyl-sn-Glycero-3-Phosphocholine (DPhPC) (Avanti 

polar lipids, Alabaster, AL).
5. Lipid solution: 5-mM DPhPC, 10% Cholesterol dissolved in 

Chloroform.

1. Port-a-Patch (Nanion Technologies, Munich, Germany).
2. PatchControl software (Nanion Technologies, Munich, Germany).
3. Patch Clamp Amplifier: EPC10 (HEKA, Lambrecht, Germany).
4. Acquisition software: PatchMaster (HEKA, Lambrecht, Ger-

many).
5. Borosilicate Patch Clamp Chips (Ø ∼ 1 µm): NPC-1 (Nanion 

Technologies, Munich, Germany).
6. Gramicidin solution: 100-nM Gramicidin dissolved in 70% 

ETOH.
7. KCl solution: 100-mM KCl, 10-mM Hepes (sterile filtered).
8. HCl solution: 100-mM HCl (sterile filtered).

1. Internal Perfusion System (Nanion Technologies, Munich, 
Germany).

2. Fused silica capillary (WPI, Sarasota FL, USA).

For pipette-based patch clamping a pipette is moved under the 
visual control of a microscope towards the cell using a micro-
manipulator (3). Since the contact between the cell and the 
pipette is very sensitive to any kind of movement between them, 
an anti-vibration table is required. Figure 13.2a shows a complete 
pipette-based patch clamp rig with the Faraday cage, the microscope, 
the anti-vibration table and the micro-manipulator.

13.2.4. Preparation 
of Giant Unilamellar 
Vesicles

13.2.5. Planar Lipid 
Bilayer Formation

13.2.6. Internal 
Perfusion Using the 
Port-a-Patch

13.3. Methods
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For planar patch clamp the situation is different. After adding 
a cell suspension onto the patch clamp chip with a ∼1-µM hole, a 
cell is captured on top of the hole by applying suction. Since there 
is no relative movement between the sealed cell and the glass 
chip, no anti-vibration table, microscope or micro-manipulator 
is needed (Fig. 13.2b). Therefore, the Faraday cage can also be 
miniaturised.

Here we describe the functionality of the Port-a-Patch as 
an example for a planar patch clamp system. The Port-a-Patch 
(Fig. 13.2b) is a semi-automated patch clamp device providing 
data quality comparable to pipette-based patch clamping (4–6). 
It utilises planar patch clamp chips (called NPC-1 chips), made from 
borosilicate glass, for the patch clamp recordings because of their 
excellent dielectric properties and clearly distinguishable stray 
capacitances. In the centre of the micro-machined glass chip is 

Fig. 13.2. Comparison of a typical pipette-based patch clamp rig on the top with a planar patch clamp rig on the bottom. 
(a) demonstrates the complexity of a pipette-based patch clamp rig, including an anti-vibration table, a microscope, 
micro-manipulators, an amplifier, a computer and a Faraday cage. (b) The planar patch clamp rig consists of a Port-a-
Patch, an amplifier and a computer. It has a much smaller foot print than the conventional rig.
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an µm-sized aperture, onto which the cell is positioned auto-
matically by application of suction (Fig. 13.1). Using a graphi-
cal user interface, the suction protocol is pre-programmed and 
computer controlled. The software adapts the applied negative 
pressure according to parameters such as pipette resistance, series 
resistance, and slow capacitance. In this way, the programme 
can determine if a cell has been sealed to the chip and whether 
the parameters correspond to the cell-attached or the whole-cell 
recording configuration.

1. Typical cell lines, such as HEK 293 or Neuroblastoma cell 
lines, are grown in T75 flasks or plates of Ø = 96 mm and a 
surface of 60 cm2. The plating of the cells has an influence on 
the seal behaviour (see Note 2).

2. The cells are split every 2–3 days. The cells are kept under a 
confluence of 60–80%. It is important to avoid cell clusters 
(see Note 3).

1. Remove the medium from the cells and wash with PBS.
2. Add 2 ml of detachment buffer. Incubate for 2–5 min at 37°C.
3. Remove the cells with the medium from the plate and pipette 

them 3× gently up and down.
4. Centrifuge for 2 min at 100×g.
5. Discard the supernatant and re-suspend the cells in 1 ml of external 

buffer (resulting in a cell density of ∼1 × 106–5 × 107 per ml).
6. In our experience, the cells in suspension remain viable for up 

to 4 h, stored at room temperature.

1. Add 5 µl of internal K+ buffer to the inside of the borosilicate 
glass chip (Fig. 13.3a).

2. Screw the chip on top of the holder. The internal electrode 
makes an electrical contact with the internal solution.

3. Place the small Faraday cage in its designated space on top of 
the chip.

4. Add 5 µl of external buffer to the top of the chip. Now the 
external electrode (ground electrode) is electrically connected 
to the external buffer (Fig. 13.3b). The chip resistance and 
the offset can be measured.

5. When the PatchControl software is started, slight positive 
pressure is applied to the chip and the offset is corrected.

6. Before the application of 5 µl of the cell suspension, a slight 
suction of 50 mbar is applied. Once the suspension is added, a 
cell is attracted to the hole of the chip which leads to a small 
increase in the seal resistance.

13.3.1. Cell Culture

13.3.2. Cell Harvesting

13.3.3. Planar Patch 
Clamp Using the 
Port-a-Patch
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7. The seal resistance is increased to a gigaseal by applying suction 
pulses and applying a negative voltage to the cells. This process 
runs automatically within the PatchControl software. It uses 
the same approach as an experienced patch clamper would do. 
A rinsing of the cells with external solution also often improves 
the seal resistance.

8. The whole-cell access is achieved by short suction pulses. 
For some cells it is helpful to support this process by zapping 
(see Note 4).

1. Giant Unilamellar Vesicles (GUVs) are prepared using the 
electroformation method (7) in an ITO-coated glass chamber 
connected to the Nanion VesiclePrepPro setup.

2. 20 µl of the lipid solution is deposited on the ITO-coated glass 
surface.

3. After total evaporation of the solvent the lipids are assembled 
in a dehydrated lamellate phase.

4. A greased O-ring is placed around the dried lipid film and 300 µl 
of a non-ionic intracellular solution, sorbitol, with a concentration 
equal to 210 mM, is carefully added to the lipid film.

5. The second ITO-slide is placed on the top of the ring, with 
the ITO-layer facing downwards.

6. The process of electroformation is controlled by the Vesicle
PrepPro setup and all parameters (amplitude, frequency, 
duration, etc.) for the electroformation are programmed in 
the VesicleControl software. Typically, an alternating voltage 
of 3-V peak-to-peak is applied with a progressive increase for 
the rise time and a decrease for the fall time to avoid abrupt 
changes, which might otherwise rupture the formed GUVs. 
The frequency of the alternating current is 5 Hz and is applied 
to the ITO-slides over a period of 2 h at room temperature.

13.3.4. Preparation of 
Liposomes

Fig. 13.3. (a) The bottom side of a patch clamp chip is filled with 5 µl internal K+ buffer with the help of a pipettor. (b) 5 µl 
of external buffer makes contact with the bath electrode on top of the chip. (c) The Port-a-Patch is covered with a small 
Faraday cage and it is connected to a USB controlled suction pump.
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7. After successful swelling, the vesicles were stable over weeks to 
months, refrigerated or frozen.

 1. Add 5 µl of KCl solution to the inside of the borosilicate 
glass chip (Fig. 13.3a).

 2. Screw the chip on top of the holder. The internal electrode 
forms an electrical contact with the internal solution.

 3. Place the small Faraday cage in its designated space over the 
chip.

 4. Add 5 µl of KCl solution to the top of the chip. Now the 
external electrode (ground electrode) is electrically connected 
to the external solution (Fig. 13.3b). The chip resistance and 
the offset can be measured.

 5. By starting the Patch Control software a positive pressure is 
applied to the chip and the offset is corrected.

 6. Before the application of 5 µl of the GUV suspension, a 
slight suction of typically 10–40 mbar, is applied. A GUV is 
attracted to the hole of the chip and as soon as it touches the 
glass surface, it bursts and forms a planar lipid bilayer with a 
typical seal resistance of tens of GΩ.

 7. The additional GUVs are removed from the chip by washing 
twice with 20 µl of KCl solution.

 8. The holding potential is set to 100 mV.
 9. 1 µl of the Gramicidin solution is added to the chip. Incorpo-

ration of the Gramicidin channels is typically visible after 30 s 
to 2 min.

10. If no channel activity is visible after 3 min an additional µl of 
Gramicidin solution can be added.

The internal perfusion system consists of a special chip holder 
with an integrated internal perfusion and a perfusion system 
panel (Fig. 13.4). The internal perfusion system is an alternative 
head for the Port-a-Patch and can therefore be used with any 
Port-a-Patch. The perfusion system panel contains eight magnetic 
valves, which can be conveniently controlled by electrophysiological 
software.
 1. For use of the internal perfusion with the Port-a-Patch, it 

is important that the internal electrode is connected to the 
ground (change the position of the switch on the back of the 
Port-a-Patch). This avoids noise and capacitance problems 
arising from the increased volumes of solutions for perfusion 
of the intracellular side (see Note 5).

 2. The length of the fused silica capillary should be 1 mm above 
the inner plastic column as shown in Fig. 13.4 (see Note 6).

 3. Proceed for obtaining the whole-cell configuration or the lipid 
bilayer as described under Subheadings 13.3.3 and 13.3.5.

13.3.5. Planar Lipid 
Bilayer Formation and 
Gramicidin 
Incorporation

13.3.6. Internal 
Perfusion Using the 
Port-a-Patch
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 4. The internal buffer can now be exchanged.
 5. Figure 13.5 shows an example trace of Kv1.3 currents 

endogenously expressed in Jurkat cells. The speed of the 
internal solution exchange depends very much on the access 
resistance (see Note 7).

Fig. 13.4. (a) For the use of internal perfusion with the Port-a-Patch a special measuring top has to be used. (b) For effec-
tive noise reduction the internal perfusion is completely shielded.

Fig. 13.5. Example traces for an internal solution exchange in the whole-cell configuration. Kv1.3 currents are recorded 
from Jurkat cells with an internal solution containing high potassium. By switching to a caesium containing solution, 
the outward current is inhibited. Wash-out and wash-in could be repeated many times.
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 6. Figure 13.6 shows an example trace of Gramicidin currents 
in a lipid bilayer. In this case the internal perfusion is much 
faster.

 7. It is important to mention that the final concentration of 
chloride ions should not be changed during an experiment 
without the use of an agar bridge or careful correction of the 
offset potential (see Note 8).

 8. An exchange of the internal solution can also be done without 
the use of an internal perfusion system (see Note 9).

1. It is possible to use different detachment agents for harvesting 
the cells. In our experience, the standard trypsin/EDTA solu-
tion works very well. Some people prefer Accutase or Accu-
Max. Accutase is a mixture of a protease and a collagenase. 
It is supposedly gentler on the cells, since no inhibition of 
the protease is necessary. AccuMax is a more concentrated 
Accutase, plus it has additional DNAse activity. The protein 
expression is supposed to be higher while using this reagent.

2. Some cell lines are more difficult to seal than others. It is possible 
to improve the seal rates by optimising the cell culture. We 
see better results in seal rates by using T75 flasks instead of 
much smaller Petri dishes. The time between splitting and 
the confluency of the cells are also important parameters to 
adjust. If cells tend to be very fragile, it is better to harvest 

13.4. Notes

Fig. 13.6. Gramicidin recordings were performed from a lipid bilayer with the Port-a-Patch. The conductance of the single 
channels decreased remarkably by changing the internal solution from 100-mM HCl to 100-mM KCl.
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them 3 days after plating. If they cannot go to the whole-cell 
configuration, it is better to use them just 1 day after plating.

3. Cell clusters are a considerable problem for planar patch 
clamp. Since the cells cannot be optically selected, the cell 
suspension should be as homogeneous as possible. For this 
reason the cells should be regularly split every 2–3 days with 
a trypsin treatment that ensures isolated cells.

4. Many cells are very sensitive to zapping pulses. A good start-
ing point is 500 mV with a duration of 500 µs. Cells toler-
ate higher voltages, but seldom longer durations. If zapping 
alone does not result in a rupture of the membrane, it can be 
combined with a suction pulse.

5. The HEKA software (PatchMaster and Pulse) gives the option 
of switching the polarities by using the “on-cell” configuration. 
This is a very convenient feature, since the pulse protocols do 
not have to be adapted for the changed polarity.

6. The fused silica capillary should be approx. 1 mm above the 
inner plastic column (see Fig. 13.7). If the capillary is too 
long, it will touch the patch clamp chip and will be blocked. 
If the capillary is too short the internal solution will not reach 
up to the chip and dripping of the solution can be observed.

7. During a whole-cell experiment the speed of the internal solu-
tion exchange strongly depends on the series resistance. The 

Fig. 13.7. The internal solution is applied through a fused silica capillary. The length of the capillary should be 1 mm 
above the inner plastic column.
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difference in speed can be easily compared Figs. 13.5 and 
13.6. The time-course of Fig. 13.5 is in minutes with a series 
resistance of ∼4 MΩ, whereas the time-course of Fig. 13.6 is 
in seconds where the lipid bilayer does not induce an additional 
series resistance.

8. A change of the chloride concentration during an experiment 
results in a change of the offset. For more detailed information 
see ref. 8.

9. It is also possible to change the internal solution without the 
use of an internal perfusion system. After obtaining the whole-cell 
configuration you can simply unscrew the patch clamp chip 
and turn it upside down. It is important that the solution on 
the top of the chip does not slide to the side, otherwise the 
cell will desiccate. The internal solution can be removed by a 
pipette and the new solution can then be added. 5 µl is suf-
ficient. After screwing the chip back onto the chip holder the 
recording can be continued.
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Chapter 14

Analysing Steroid Modulation of BKCa Channels 
Reconstituted into Planar Lipid Bilayers

Heidi de Wet, Jonathan D. Lippiat, and Marcus Allen

Summary

A number of recent studies have described the activation of BKCa channels by steroid hormones such 
as estrogen. The proposed mechanisms are diverse and include both the direct interaction with the ion 
channel subunits and the stimulation via receptor activation and cell signalling pathways. To investigate 
the activation of BKCa channels by estrogen we devised a cell-free system by incorporating recombinant 
channels of known subunit composition into artificial bilayers and recorded single channel currents. This 
chapter describes the methods used to prepare purified membrane fractions from cultured cells and the 
construction of artificial phospholipids bilayers for the incorporation and recording of ion channels.

Key words: BKCa, Maxi-K, Planar lipid bilayer, Estrogen, Membrane purification.

Large conductance Ca2+- and voltage-sensitive K+ channels (BKCa 
or Maxi-K) regulate smooth vascular muscle tone by conduct-
ing hyperpolarising spontaneous transient outward currents 
(STOCs) in response to cytosolic Ca2+ sparks (1). The ion chan-
nel is formed by a tetramer of Sloα1-subunits, and the function 
and pharmacology are fine-tuned by the association with regula-
tory β-subunits, Sloβ1–4 (reviewed in ref. 2).

Estrogen (17β-estradiol) relaxes smooth muscle cells by 
opening BKCa channels, but there is much debate over the pre-
cise mechanism as there is evidence for both the direct activation 
of the channel via the Sloβ1-subunit (3) and via the stimulation 
of cytoplasmic estrogen receptors (4). The use of a cell-free ion 

14.1. Introduction
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channel preparation can therefore assist in distinguishing between 
these effects. As the name suggests, the BKCa channel has a dis-
tinctly large unitary conductance (˜300 pS in symmetrical K+). 
This makes BKCa channel currents amenable to analysis in impure 
membrane fractions without the need for further purification. 
Planar lipid bilayer recordings were carried out by allowing mem-
brane fractions purified from cells expressing recombinant BKCa 
channels comprised of Sloα alone or Sloα1 + β1 to incorporate 
into an artificial planar lipid bilayer.

This technique has several advantages: purified membrane 
fractions are cell-free, making it possible to investigate the effect of 
estrogen and other steroids on the BKCa channel activity in isola-
tion from the genomic and cellular effects whilst the lipid environ-
ment is not disturbed by solubilisation and reconstitution. Drugs 
can be added to either side of the membrane to investigate the 
location of drug binding sites and the use of recombinant chan-
nels allows easy genetic manipulation and control over subunit 
composition. Furthermore, single channels incorporated into pla-
nar bilayers are amenable to optical investigation that could take 
place concurrently with current measurements (e.g. see ref. 5).

1. Human embryonic kidney (HEK) cell line stably expressing 
BKCa channels (e.g. see ref. 6) or another cell line expressing 
an ion channel of interest (see Note 1).

2. Cell culture medium: DMEM supplemented with 10% foetal 
bovine serum and antibiotics to maintain the selection of sta-
bly expressing cells (e.g. 5 µg/ml blasticidin to select for Slo 
1 expression and 1 mg/ml G418 to select for Sloβ1-subunit 
expression; see ref. 6).

3. Phosphate-buffered saline (PBS), pH 7.0 at room tempera-
ture (RT).

4. Trypsin–EDTA cell dissociation solution.
5. 25, 75 and 175 cm2 tissue culture flasks.

1. Chilled phosphate-buffered saline (PBS) with 1 mM EDTA, 
pH 7.0.

2. Protease inhibitors.
3. 5, 10 and 25 ml serological pipettes.
4. Buffer 1: 10 mM Tris–HCl pH 7.4, 250 mM sucrose, 200 

mM CaCl2 – stable at 4°C for several months.

14.2. Materials

14.2.1. Cell Culture

14.2.2. Membrane 
Preparation
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 5. Buffer 2: 10 mM Tris–HCl pH 7.4, 25 mM sucrose, 1-mM 
EDTA – stable at 4°C for several months.

 6. Buffer 3: 10 mM Tris–HCl pH 7.4, 35% (w/v) sucrose, 
1 mM EDTA – stable at 4°C for several months.

 7. Buffer 4: 10 mM Tris–HCl pH 7.4, 250 mM sucrose – sta-
ble at 4°C for several months.

 8. Buffer 5: 150 mM NaCl, 1.5 mM MgCl2, Tris–HCl pH 7.0, 
20% Glycerol – stable at 4°C for several months.

 9. 22 and 25 G syringe needles.
10. 5 and 10 ml plastic syringes.
11. 1.5 ml microtubes.
12. 50 ml tubes.
13. Nitrogen cavitation apparatus.
14. Ultracentrifuge with swing bucket rotor (e.g. Beckman 

SW28) and appropriate ultracentrifuge tubes.

Schematics of the apparatus are shown in Figs. 14.1 and 14.2. 
A bilayer recording system can be constructed by anyone familiar 
with the patch clamp apparatus.
 1. Lipid bilayer cup/chamber for bilayer formation (e.g. Warner 

Instruments chamber BCH-13A and cup CP13A-250).
 2. Ag/AgCl electrodes.
 3. Vibration-isolated platform (e.g. an air table).
 4. Faraday cage to enclose the recording chamber.
 5. Light source.
 6. Magnetic stirrer.
 7. Patch clamp amplifier that is capable of bilayer recordings 

(e.g. Warner Instruments PC-501A or Bio-logic BLM-
120).

 8. (Optional) Signal generator that can generate a triangular 
wave form to measure membrane capacitance (some bilayer 
amplifiers, such as the BLM-120, have this as a built-in fea-
ture).

 9. Analogue to digital converter (e.g. CED micro1401 MkII).
10. Computer for data acquisition and analysis.
11. Single channel analysis software (e.g. WinEDR, University 

of Strathclyde, UK).
12. Data storage device (e.g. portable hard drives).

1. Glass capillaries.
2. 2 M KCl.
3. Agar.

14.2.3. Bilayer 
Recording

14.2.4. Agar Bridges
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Fig. 14.1. Artificial bilayer recording apparatus.

Fig. 14.2. Bilayer chamber and recording bath setup.
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 1. POPE:1-Palmitoyl-2-Oleoyl-sn-glycero-3-phosphoeth-
anolamine (Avanti Polar Lipids).

 2. POPS: 1-Palmitoyl-2-Oleoyl-sn-glycero-3-[phosphor-L-ser-
ine] (Avanti Polar Lipids).

 3. Chloroform.
 4. Nitrogen gas supply.
 5. n-Decane.

 1. High Free Calcium (50 µM) buffer: 150 mM KCl, 1 mM 
EGTA, 1 mM MgCl2, 1.05 mM CaCl2, 10 mM HEPES pH 
7.2 with KOH.

 2. Low Free Calcium (0.5 µM) buffer: 150 mM KCl, 1 mM 
EGTA, 1 mM MgCl2, 0.75 mM CaCl2, 10 mM HEPES pH 
7.2 with KOH.

 3. 10 mM estrogen in DMSO.

 1. If the HEK cell lines are seeded from frozen stock, thaw 
the cells at 37°C until just thawed and place on ice immedi-
ately.

 2. Add 1 ml of the thawed cell suspension to a 25 cm2 culture 
flask and allow cells to adhere for 3 h.

 3. Gently wash the cells with 2 ml of cell culture media and 
carefully aspirate all dead cells.

 4. Grow cells until completely confluent.
 5. Wash confluent cells twice with phosphate-buffered saline.
 6. Detach cells using trypsin–EDTA solution and harvest by 

centrifugation at 200×g.
 7. Aspirate supernatant and resuspend in 9 ml fresh selective 

culture medium.
 8. Seed 3-ml resuspended cells in 75 cm2 culture flasks and add 

10–12 ml selective culture media. Grow cells until conflu-
ent.

 9. Repeat steps 6–8 and seed the cells in 175 cm2 culture 
flasks.

 10. Grow until confluent and increase the cell culture to 20 × 
175 cm2 confluent cells.

14.2.5. Lipid 
Preparation

14.2.6. Experimental 
Solutions

14.3. Methods

14.3.1. Cell Culture
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 1. Aspirate the culture medium from the tissue culture flasks.
 2. Detach cells with 5–10 ml of cold PBS with 1 mM EDTA. 

Shake cells loose by tapping the side of the flask smartly.
 3. Meanwhile, cool the nitrogen cavitation apparatus on ice.
 4. Harvest cells by centrifugation at 500×g for 15 min at 4°C.
 5. Resuspend the pellet in 5× the pellet volume of Buffer 1 

containing protease inhibitors using a serological pipette.
 6. Load the cavitation apparatus with the cell suspension and 

seal.
 7. Fill the cavity with nitrogen gas to a pressure of 1,000–

1,500 psi and leave on ice for 15 min (see Note 2).
 8. Bleed the apparatus and collect the burst cells in a 50-ml 

tube and repeat the bursting step once more.
 9. Dilute the cell lysate to 25 ml with ice-cold Buffer 2.
 10. Centrifuge the diluted suspension at 500–1,000×g for 10 min 

to collect cell debris and unbroken cells.
 11. Add 10 ml of Buffer 3 to the ultracentrifuge tube to create a 

sucrose cushion.
 12. Gently layer the supernatant from step 9 carefully on top of 

the sucrose cushion using a serological pipette set.
 13. Balance the weight of the ultracentrifuge tubes using Buffer 

2 to within 0.1 g of each other. Handle the tubes very care-
fully so as not to disturb the sucrose cushion.

 14. Centrifuge at 30,000×g for 30 min at 4°C.
 15. Remove 5–10 ml of the supernatant at the top of the tube 

using a serological pipette.
 16. Collect the cloudy suspension resting on the top of the 

sucrose cushion using a 10 ml plastic syringe.
 17. Transfer the collected interface to a fresh ultracentrifuge 

tube. Dilute the collected interface with Buffer 4 to fill the 
ultracentrifuge tube (see Note 3).

 18. Balance the weight of the tubes to within 0.1 g of each other 
and centrifuge at 100,000 g for 45 min at 4°C.

 19. Discard the supernatant and resuspend the glassy-appearing 
pellet in 1.5 ml of Buffer 5 containing the protease inhibitors 
using a 22-G syringe needle and then a 25-G needle on a 
5-ml syringe until the suspension is lump-free.

 20. Store in 50–100 µl aliquots at −80°C.

 1. Form U-shaped bridges from the capillary glass by melting 
gently over a Bunsen burner flame.

 2. Prepare 4% agar in 2 M KCl by adding 4 g of agar to 100 ml 
2 M KCl while heating and stirring.

14.3.2. Membrane 
Preparation

14.3.3. Agar Bridge 
Fabrication
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 3. Fill bridges with molten agar/KCl, ensuring that no bubbles 
appear.

 4. Store bridges in 2 M KCl solution at 4°C.
 5. Excess agar/KCl can be stored at 4°C.

Figure 14.2 shows a schematic of the bilayer cups.
 1. Reconstitute POPS and POPE in chloroform at 50 mg/ml. 

These solutions should be stored in the dark at −20°C.
 2. Add 7.5 µl of POPS and 7.5 µl of POPE to a sealable 2 ml 

glass volumetric flask.
 3. Evaporate the chloroform under a stream of nitrogen gas. 

Seal the volumetric flask with the stopper to minimise con-
tact with air.

 4. Resuspend the dried lipid with 25 µl of n-decane.
 5. The lipid is ready to use. This preparation is useable for 

3–4 h, but avoid contact with air.
 6. Place 1 µl of the reconstituted lipid carefully spread around 

the aperture of the recording cup and over the aperture to 
form a bilayer (see Note 4).

 7. Insert the cup into the chamber holder and add 1 ml of 
the recording buffer to the cup and 1 ml of the appropriate 
recording buffer to the chamber holder.

 8. Connect the cis and trans side of the bath to the amplifier 
head stage via the agar bridges as indicates in Fig. 14.2. The 
cis side should normally be at ground potential.

 9. Assess bilayer formation by applying 1–10 mV square or tri-
angular voltage pulses (see Note 5).

 10. The bilayer can have a voltage clamped between −150 and 
150 mV and should have a leak conductance of less than 
10 pS and a capacitance of greater than 150 pF (see Note 5).

Once a stable bilayer has formed BKCa channels can be incorpo-
rated.
 1. Add 2 µl of the membrane preparation to the cis side of the 

chamber. It is important to stir the bilayer occasionally as 
membranes can sink to the bottom of the recording cham-
ber.

 2. Hold the bilayer potential at ± 50 mV and wait for chan-
nel insertion by observing single channel activity on the 
oscilloscope.

 3. If no channels have inserted after 20 min then a further 2 µl 
samples of the membrane preparation should be added.

 4. Once channels have been inserted it is important to estimate 
how many channels are present. This can be done by changing 

14.3.4. Bilayer 
Construction

14.3.5. Channel 
Incorporation and 
Modulation by 
Steroids
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the membrane potential to raise the open probability and by 
observing the number of multiple openings (see Fig. 14.3; 
see also Note 6).

 5. Once a stable recording of channel activity is observed phar-
macological agents such as steroids can be added to either 
side of the bilayer.

 1. Data analysis can be done off-line. It is advisable to get a 
back-up data onto a portable hard drive.

 2. WinEDR can be used to analyse single channel data. Ampli-
tude histograms and dwell time histograms, including burst 
analysis, can be constructed. In addition, data can be exported 
into other software packages, such as QuB, or a programme 
to present the data in a statistical form, if required.

 1. Channels with a small conductance will not be well suited for 
this work, as contaminating channels that are endogenous to 
HEK cells are sometimes observed during recordings.

 2. Any other pressure based bursting apparatus may be used, 
e.g. a French press. Cell lysis by sonication tends to result in 
higher levels of protein degradation.

 3. This is important, as a half-filled tube will collapse.
 4. Artificial (or “black”) lipid bilayer formation often needs to 

be “encouraged”. Painting the lipid onto a cup may fail to 

14.3.6. Data Analysis

14.4. Notes

Fig. 14.3. A typical single channel recording. This bilayer has at least three individual BKCa channels inserted, as evi-
denced by the multiple downward current levels from the zero current level (dashed line).
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form a bilayer. Either the lipid is absent from the aperture 
and the amplifier can not pass enough current to clamp the 
voltage, or it is blocked by multiple layers of lipid and the 
membrane capacitance is too low. There are a number of 
ways to encourage bilayer formation:
(a) “Lifting a bilayer”: Gently suck up the recording buffer 

in the cis chamber using a 1-ml pipette and then gently 
return to the recording chamber. Dragging the surface 
of the recording solution across the aperture encour-
ages a redistribution of lipid and bilayer formation.

(b) “Painting a bilayer”: This is done using a ball of glass 
formed on the end of capillary tubing by heating the 
glass with a Bunsen burner. This clean glass probe can 
then be dipped in the stock lipid and applied directly to 
the hole and this is often enough to encourage bilayer 
formation.

 5. The passive bilayer properties are easy to evaluate under 
voltage clamp conditions. The conductance is equal to cur-
rent deflection divided by the voltage step (e.g. conductance 
= 1 pA/100 mV = 1 × 10−12 A/0.1 V = 1 × 10−11 S or 10 pS). 
The capacitance of a membrane is described by the equa-
tion C = e A / d, where C is the capacitance in Farads, ε 
is the dielectric constant of the lipid, A is the area of the 
bilayer, and d is the thickness. Current flow onto a capacitor 
(e.g. a lipid bilayer membrane) is given by the equation 
i = C(dV / dt). We can combine both equations to give 
i = (e A / d)(dV / dt). A triangular wave form has a con-
stant rate of change and if we change the voltage across our 
bilayer in a triangular manner then dV/dt will be constant. 
More importantly the dielectric constant of the lipid is fixed 
and the thickness of the bilayer is determined by the lipid 
tail length. Therefore, the equation can be simplified to 
i = kA, where k = (e / d)(dV / dt). Using a triangular pulse, 
the current output of the amplifier is therefore directly pro-
portional to the area of the bilayer. The current output can 
be calibrated to capacitance by placing a 100-pF capacitor 
between the input and ground of the patch clamp amplifier 
head stage. Take care when handling patch clamp amplifier 
head-stages as they are extremely sensitive to static electricity 
and can be easily damaged. Capacitance can also be moni-
tored and measured from the capacity transients evoked by 
square-wave voltage pulses.

 6. Changing membrane potential to fully activate channels will 
only work with those channels that are gated by voltage. 
Other stimuli may need to be applied to activate other types 
of channel, e.g. Ca2+.
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Chapter 15

Using Bioluminescence Resonance Energy Transfer 
to Measure Ion Channel Assembly

Gina M. Whitaker and Eric A. Accili

Summary

Bioluminescence Resonance Energy Transfer (BRET) measures protein interactions within 10 nm of 
each other. Aside from its ability to probe for interactions at high resolution, this technique operates in 
live, intact cells, and offers a high throughput method of detection. Thus far, BRET has been widely used 
in measuring G protein receptor dimerization. In this chapter, we describe the BRET methodology in 
detail and apply this technique to the measurement of ion channel assembly. In addition, we discuss how 
BRET can be used to compare the extent of homomeric and heteromeric channel assembly.

Key words: Bioluminescence Resonance Energy Transfer, Ion channel assembly, Protein–protein 
interactions, Heteromer, Homomer, Tetramer, Subunit.

It is widely accepted that the majority of potassium channels 
assemble as tetramers to form functional channels. Channels can 
self-assemble from four identical subunits to form homomers, or 
can form heteromers by coassembly of structurally homologous 
subunits. Functional coassembly is traditionally addressed by 
electrophysiology, which can also provide information on subunit 
stoichiometry (1, 2). Physical assembly of ion channel subunits 
has been directly examined by crystal structure analysis, which 
has perhaps provided the clearest picture of channel structure 
thus far (3, 4). Nevertheless, the ability to crystallize ion channels 
has proven to be extremely difficult and thus these studies are few 
and far between. More commonly, indirect measurements using 
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techniques such as in vitro translation or coimmunoprecipitation 
are used to measure interactions between subunits (5). However, 
the rigorous biochemical manipulation involved in such tech-
niques, as well as removal of channels from their membrane envi-
ronment, can alter the native channel structure as well as putative 
intersubunit interactions. In addition, these techniques cannot 
easily distinguish between direct and indirect protein interactions 
within larger complexes. One can circumvent some typical issues 
associated with traditional biochemical techniques by using Fluo-
rescence Resonance Energy Transfer (FRET) (6, 7). FRET meas-
ures protein interactions at a high resolution, within 10 nm, whilst 
in their membrane environment, resulting in precise information 
pertaining to the subcellular location of interaction. Nonetheless, 
FRET measurements can be difficult to interpret since the assay 
requires initial excitation by an external light source which can 
result in photobleaching, autofluorescence, or direct excitation 
of the acceptor molecule, thereby producing erroneous signals or 
high signal-to-background ratios.

Similar to FRET, Bioluminescence Resonance Energy Trans-
fer (BRET) also measures energy transfer in live cells, between 
proteins of interest located less than 10 nm from one another. 
To measure BRET, two putatively interacting proteins of inter-
est are fused with either Renilla-Luciferase (R-Luc, a biolumi-
nescent donor molecule) or Green Fluorescence Protein (GFP, a 
acceptor molecule) and coexpressed in a heterologous expression 
system. A substrate (coelenterazine), which is added to the cells, is 
oxidized by R-Luc, which in turn emits bioluminescent energy 
at a wavelength of 395 nm. GFP is excited at this wavelength, 
thereby emitting fluorescence at 510 nm provided that the inter-
acting partners are in close enough proximity (Fig. 15.1). The 
efficiency of energy transfer can then be quantified as a BRET 
ratio of emission intensity at 510 nm to that at 395 nm. The mag-
nitude of a BRET signal varies inversely with the sixth power of 
distance up to 10 nm, thus providing high resolution for measur-
ing interacting proteins (8). By using the coelenterazine substrate 
rather than an external light source to excite the donor molecule, 
the issues associated with fluorescence excitation can be avoided. 
Further, BRET measurements are taken on large populations of 
cells, thus providing a high throughput method of detection of 
protein interactions.

BRET is widely used to measure dimerization of G protein-
coupled receptors (GPCR) as well as dynamic changes in GPCR 
interactions, and has also been used to quantify the extent of 
homo- and heterodimerization of GPCRs (9, 10). We have 
recently adapted this technique to measure self- vs. coassembly 
of different Hyperpolarization-activated Cyclic Nucleotide-mod-
ulated (HCN) channel subunit isoforms (HCN2 and HCN4) 
(11). In this chapter, we elaborate on how BRET can be used to 
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measure and compare homomeric and heteromeric ion channel 
assembly in live Chinese Hamster Ovary (CHO) cells.

1. Fusion protein expression vectors: pGFP2-N, pGFP2-C, 
pRLuc-N and pRLuc-C (Perkin Elmer).

2. cDNA encoding ion channel subunits of interest.
3. Chinese Hamster Ovary (CHO) cells (American Type Culture 

Collection) (see Note 1).
4. Cell culture medium: F12 Nutrient Mixture (1×) containing 

L-glutamine, supplemented with 5% fetal bovine serum (FBS) 
and 0.25% Penicillin-Streptomycin (Invitrogen Canada, Inc.).

5. FuGENE 6 Transfection Reagent (Roche Diagnostics Canada).
6. Transfection Media: F12 Nutrient Mixture (1×) containing 

L-glutamine, supplemented with 5% FBS (Invitrogen Canada, 
Inc.).

7. 60-mm cell culture-treated dishes.

1. Dulbecco’s phosphate-buffered saline (D-PBS): 8-g/L NaCl, 
2.16-g/L Na2HPO4⋅7H2O, 0.2-g/L KCl, 0.2-g/L KH2PO4, 

15.2. Materials

15.2.1. Cell Culture 
and Transfection

15.2.2. BRET Assay

Fig. 15.1. BRET measures protein interactions within less than 10 nm apart. (a) Upon degradation of its substrate (DeepB-
lueC coelenterazine), RLuc emits light at 395 nm. Emission at this wavelength will excite GFP if it is located within 10 nm 
of the RLuc protein. The GFP will then emit light at 510 nm. The intensity of GFP emission depends on the proximity of GFP 
to RLuc. (b) If RLuc and GFP are greater than 10 nm from each other, the emission from RLuc will not excite GFP, and the 
calculated BRET ratio will be low. BRET ratios are calculated by dividing the recorded GFP emission (relative fluorescent 
units) by RLuc emission (relative luminescent units) (reproduced from ref. 11 with permission from the American Society 
for Biochemistry and Molecular Biology, Inc.).
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0.1-g/L CaCl2, 0.1-g/L MgCl2⋅6H2O, 1-g/L D-glucose, 
0.036-g/L sodium pyruvate (Invitrogen Canada, Inc.).

2. 0.05% Trypsin with EDTA-4Na (1×) (Invitrogen Canada, Inc.).
3. F12 Nutrient Mixture (1×) containing L-glutamine, supplemented 

with 5% FBS (Invitrogen Canada, Inc.).
4. BRET buffer: D-PBS supplemented with 2 ug/mL of aprotinin.
5. DeepBlueC coelenterazine substrate (PerkinElmer, Inc.) recon-

stituted to 1 mM in absolute ethanol and diluted to 15 uM in 
BRET buffer just prior to use (see Note 2).

6. 96-well white optiplates (PerkinElmer, Inc.).
7. Victor V Plate Reader (PerkinElmer, Inc.) including the follow-

ing additions:
– Optical Excitation filter: 405/5 nm (for GFP fluorescence 

quantification).
– Optical Emission filters: 410/80 nm and 515/30 nm.
– 1–3 channel injectors.
– Wallac 1420 workstation software.

1. Make cDNA fusion constructs of interest using standard sub-
cloning techniques such that each cDNA partner is tagged with a 
GFP or RLuc at either the N- or C-termini (see Notes 3 and 4).

2. Culture CHO cells in Cell Culture Media, in 60-mm cell 
culture-treated dishes at 37°C with 5% CO2 injection until 
they are approximately 50% confluent. Include one dish as an 
untransfected background control.

3. In 1.5-mL eppendorf tubes, mix cDNA (either RLuc-tagged 
construct alone, or optimized combinations of RLuc- and GFP-
tagged constructs) (see Notes 5 and 6) with 100 µl of F12 media 
(without antibiotics) and FuGENE 6. transfection reagent. Use 
a 3:1 ratio of FuGENE 6 Transfection Reagent to total cDNA 
amount added. Incubate tubes at room temperature for 30 min.

4. Replace Cell Culture Media from cultured cells with Transfection 
Media, and then add transfection mixture from eppendorf tubes 
to cells. Agitate gently, and then incubate for 24 h at 37°C 
with 5% CO2 injection.

1. 24-h post-transfection, wash cells twice with 3 mL of D-PBS 
at room temperature.

2. Add 1 mL of 0.05% Trypsin–EDTA and incubate cells for 
5 min with occasional agitation.

15.3. Methods

15.3.1. Cell Culture 
and Transfection

15.3.2. BRET Assay

15.3.2.1. Cell Preparation
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3. Add 3 mL of Transfection Media to inactivate the 0.05% 
trypsin–EDTA, and then collect the cell mixture in appropriate 
centrifuge tubes.

4. Centrifuge cells at 500–700×g for 5 min.
5. Remove supernatant and resuspend cells in 100 ul of BRET 

buffer.
6. Add 50 ul of well-mixed cells (approximately 100,000 cells) in 

duplicate to individual wells of a 96-well white optiplate.
7. Incubate cells for 30 min at room temperature in the dark.
8. Just prior to proceeding with BRET measurements, prepare a 

sufficient amount of 15-uM DeepBlueC in BRET buffer and 
keep it on ice in the dark.

1. Place the 96-well plate into the Victor V plate reader.
2. Set up and run the protocol for measurement of GFP fluores-

cence using the Wallac 1420 workstation software (see Note 7):
(a) Shake the entire plate for 5 s at medium speed.
(b)  Use the 405/5-nm excitation filter and 515/30-nm 

emission filter to measure relative GFP fluorescence units 
for each well that contains cells.

3. Calculate the fold over background of GFP fluorescence accord-
ing to the following equation, where background is the relative 
fluorescence units from the well containing untransfected cells:
– Relative Fluorescence Units at 510 nm of well x
– Relative Fluorescence Units at 510 nm of background

Design a protocol for BRET using the Wallac 1420 workstation 
software as follows, such that machine runs through the entire 
protocol for each well before proceeding to subsequent wells.
1. Add 25 µL of 15-µM DeepBlueC in BRET buffer to the first well 

using the injector installed on the Victor V plate reader, such that 
the final concentration of DeepBlueC in the well is 5 µM.

2. Shake the optiplate for 5 s at medium speed in the plate reader.
3. Immediately measure emission intensity at 395 nm (relative 

luminescence units) followed by emission intensity at 510 nm 
(relative fluorescent units) in the first well.

4. Repeat steps 1–3 for subsequent wells until all wells are read.

1. Use the following equation to calculate BRET ratios for each 
well (see Note 8)
(Emission at 510 nm – Emission at 510 nm of control well)
(Emission at 395 nm – Emission at 395 nm of control well)

2. Determine the mean BRET values from duplicate wells.

15.3.2.2. Measurement of 
GFP Fluorescence

15.3.2.3. Measurement 
of BRET

15.3.2.4. BRET Analysis
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3. Repeat the experiment and plot n number of duplicates as a 
bar graph of BRET ratios including standard error. Compare 
the test pairs to negative and positive controls using one-way 
ANOVA followed by a post-test to compare all pairs (see 
Fig. 15.2; see also Note 9).

1. The cell culture and transfection protocol and reagents 
described in this chapter have been optimized for a CHO cell 
heterologous expression system. However, other mammalian 

15.4. Notes

Fig. 15.2. BRET ratios support similar levels of self-assembly and coassembly of HCN2 and HCN4 isoforms in live CHO 
cells. (a) and (b) Bar graphs of BRET values determined from cells cotransfected with different channel construct com-
binations. Values represent means ± SD for each set of constructs, and (n) values depict the number of cell populations 
used to determine mean values over 3–6 independent transfections. Experiments were performed in duplicate at four 
different RLuc/GFP cDNA ratios. Statistical comparisons were carried out using a one-way analysis of variance followed 
by Bonferroni’s multiple comparison post-test comparing all pairs. The asterisks indicate significant differences from the 
BRET ratios produced by cotransfection of Kv1.5-RLuc and HCN2-GFP or HCN4-GFP or Kv1.5-RLuc transfected alone. All 
combinations of HCN isoforms are significantly greater than negative controls (p < 0.01) but are not different from each 
other (p > 0.05). Kv1.5-RLuc + HCN2-GFP and Kv1.5-RLuc + HCN4-GFP BRET ratios are not significantly greater than 
the Kv1.5-RLuc background BRET ratio (p > 0.05) (reproduced from ref. 11 with permission from the American Society 
for Biochemistry and Molecular Biology, Inc.).
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expression systems and transfection reagents would also be 
appropriate and have been used for BRET assays (12, 13).

2. DeepBlueC is air and light sensitive, thus store vial tightly 
sealed in the dark at −20°C and allow it to equilibrate to room 
temperature prior to opening.

3. In our experiments, the following cDNA constructs were made: 
HCN2-GFPN and HCN2-GFPC, as well as HCN2-RLucN 
and HCN2-RLucC such that HCN2 is expressed on the N- and 
C-terminal ends respectively, of either GFP or RLuc. These 
constructs were also made using HCN4 (HCN4-GFPN, HCN4-
GFPC, HCN4-RLucN and HCN4-RLucC). We also made a 
construct in which Kv1.5 is expressed on the C-terminal end of 
the RLuc tag, to be used as a negative control (see Note 6). All 
tagged combinations (both N and C) should be made in order to 
determine the optimal combination for efficient energy transfer. 
Once the optimal RLuc- and GFP-tagged combination is deter-
mined, this should be kept constant across all compared partners 
and controls in order to accurately compare BRET ratios.

4. Once constructs are made, it is important to verify that folding, 
assembly or trafficking of the channel is not inhibited by the 
fused protein tags. In our case, we used patch-clamp electro-
physiology to measure currents of expressing constructs in CHO 
cells, ensuring that the tagged constructs produced currents 
similar to their wild type counterparts.

5. The magnitude of BRET increases with increasing GFP expres-
sion to a saturating level if the expressing RLuc- and GFP-
tagged constructs are interacting within 10 nm. Thus, in order 
to obtain optimal BRET ratios, it is important to transfect 
variable amounts of GFP-tagged cDNA with a constant and 
optimized amount of RLuc-tagged cDNA. For our experiments, 
we transfected 0.5 ug of RLuc-tagged cDNA in all conditions. 
For GFP-tagged constructs, we transfected the following amounts: 
0.5, 1.0, 1.5, 2.0 and 2.5 µg. Expression levels are measured as 
“fold-over-background” of relative luminescence and fluores-
cence units, using the plate reader (see Note 6).

6. When analyzing BRET data, it is important to compare the 
results to appropriate controls. In our case, we felt it impor-
tant to choose a negative control which is similar in struc-
ture and function to, but does not coassemble with, HCN2 
or HCN4 subunits. Thus we coexpressed RLuc-tagged Kv1.5 
(Kv1.5-RLuc) with either HCN2-GFP or HCN4-GFP as our 
negative control. In addition, we transfected Kv1.5-RLuc 
alone, as a control for background BRET levels. For  positive 
controls, we cotransfected differently tagged homomeric 
combinations: HCN2-RLuc with HCN2-GFP, or HCN4-
RLuc with HCN4-GFP, since HCN2 and HCN4 channels 
form  functional homotetrameric channels (14).
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7. Direct measurement of GFP fluorescence (by exciting GFP at 
the correct wavelength) gives information about the level of 
GFP-tagged protein expression. With increasing GFP expression 
(while maintaining RLuc expression constant), BRET values 
consequently increase to eventually saturating levels if the pro-
tein interaction is specific. This can be plotted as a graph of 
BRET ratio vs. GFP/RLuc fold over background and fitted 
with a saturation curve. However, in our experiments, GFP-
tagged protein expression levels remained relatively constant 
despite increasing the amount of transfected GFP-tagged 
cDNA. Thus, in our case we used a bar graph to accurately 
compare BRET values.

8. The emission from control wells is the background lumines-
cence and the resulting fluorescence is either from untrans-
fected cells (as performed in our experiments) or from cells 
that have only been transfected with RLuc-tagged construct.

9. In our experiments, we compared homomeric RLuc- and 
GFP-tagged HCN2 and HCN4 combinations (our positive 
control) with the coexpression of differently tagged HCN2 
and HCN4 subunits. Within the limits of BRET sensitivity, 
the magnitudes of BRET ratios were not significantly differ-
ent between all homomeric and heteromeric combinations 
of HCN2 and HCN4. Thus, we concluded that HCN2 and 
HCN4 subunit isoforms are able to self-assemble and coassemble 
with equal preference in CHO cells (Fig. 15.2).
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Chapter 16

The Use of FRET Microscopy to Elucidate Steady State 
Channel Conformational Rearrangements and G Protein 
Interaction with the GIRK Channels

Adi Raveh, Inbal Riven, and Eitan Reuveny

Summary

While X-ray crystallography provides extremely high-resolution snapshot of protein structure, it lacks 
the ability to provide dynamic information on the processes involving conformational rearrangements 
of the protein. Methods to record protein conformational dynamics are present, in particular those that 
are based on fluorescence measurements, and are now more and more utilized in studying proteins in 
their natural environment. Here we describe the use of fluorescence resonance energy transfer (FRET) 
technique to monitor the conformational rearrangements associated with the gating of the G protein-
coupled potassium channel (GIRK/Kir3.x), and its relation with the G protein subunits. The FRET 
technique is combined with total internal fluorescence (TIRF) microscopy, and allows the dissection of 
the signal originating from channel proteins that reside exclusively in the plasma membrane. Since most 
of the components associated with GIRK channel gating are intracellular, that involve various biochemical 
steps, proteins were labeled with genetically encoded variants of the green fluorescence protein and signals 
were acquired from live cells in culture. Using these methodologies we were able to show that gating 
conformational rearrangements, i.e. the opening of the channel, involve the rotation and expansion of 
the channel subunits cytosolic termini, along the channel’s central axis. In addition, the G proteins that 
trigger this process reside very close to the channel, to ensure high signaling specificity and to provide 
temporal precision of the gating process.

Key words: TIRF microcopy, FRET, GIRK, GPCR, Fluorescence spectroscopy, Anisotropy meas-
urements.

Fluorescence resonance energy transfer (FRET) is a process in 
which energy is nonradiatively transferred from an excited fluoro-
phore (the donor) to a nearby chromophore (the acceptor). This 
process depends on the dipole–dipole coupling between the two 
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and on the distance between the donor and the acceptor mol-
ecules. In general these two variables will determine the efficiency 
of transfer. In more practical situations, where the donor and the 
acceptor are free to rotate around a certain axis, the distance 
between the donor and the acceptor is the main determinant 
influencing the efficiency of resonance transfer (1). The depend-
ence of the transfer efficiency on distance is very high, e.g., raised 
to the sixth power. Thus minute change in the distance between 
the donor and the acceptor chromophores is translated to a big 
change in FRET efficiency. For this reason the FRET techniques 
has been used as an inter- and/or intramolecular ruler, operating 
in the range between 1 and 10 nm (2). The FRET technique also 
has its limitations and various considerations have to be taken 
once quantitation is in mind (3–5). One of the ways to estimate 
the FRET efficiency between two fluorophores is to rely on the 
amount of donor emission, the closer the fluorophores the larger 
the dequenching (reduction in emitted photons) of the donor 
(5). Once one has the mean of eliminating the acceptor molecule, 
the ratio of donor emission in the presence of the acceptor to a 
condition where the acceptor is nonfunctional, e.g., bleached, 
will determine the FRET efficiency (6, 7).

There are many ways to detect the emitted fluorescence; the 
most conventional one is to use a specific emission filter to allow 
only photons within a certain wavelength to pass through, and 
to be detected by a photomultiplier or by an avalanche photodi-
ode. This arrangement has a high temporal resolution, but lacks 
the spectral information. This may be important when informa-
tion is required regarding the spectral characteristics of the emitted 
photons. In our studies we used a spectrometer and a back illumi-
nated CCD array to capture spectral information from our sample. 
The signal intensities at the expected emission peak of the donor 
were measured before and immediately after photo-bleaching of the 
acceptor, and then were used to calculate the FRET efficiency (E). 
Distances between the donor and the acceptor chromophores were 
then calculated based on E = R0

6   /(R0
6+R6), where R0 (Förster dis-

tance) is the distance when E = 0.5. R0=(9.7×103 J fD n
– 4k 2)1

6, 50.4 Å 
for CFP/YFP pair (8). In our previous studies (9, 10) we utilized 
the advantages of FRET microscopy to study the rearrangement of 
G protein-coupled potassium channels (GIRK/Kir3.x) upon their 
gating and their mode of interaction with G proteins. GIRKs are 
inwardly rectifying K+ channels that generate slow, inhibitory post-
synaptic potentials upon activation by Pertussis-toxin-sensitive 
G protein-coupled receptors (GPCRs) (11).

GIRK activation requires the binding of Gβγ to the channel. 
Upon neurotransmitter release from the presynaptic cleft and 
GPCR stimulation at the postsynaptic site, GTP is exchanged for 
GDP on the Gα subunit of the G protein. This, in turn, leads to 
the dissociation of a Gβγ subunit from the Gα subunit, to freely 
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interact with the channel’s Gβγ binding domains. The binding of 
Gβγ induces a conformational change of the channel promoting 
the opening of the permeation pore to allow the selective flux 
of K+ ions through it. The flow of ions is mainly in the outward 
direction which then hyperpolarizes the postsynaptic membrane, 
to produce a reduction in excitation.

There is no full length three-dimensional structure of the 
GIRK channel. Nevertheless, the structure of the conserved 
regions (regions that are shared by other inwardly rectifying chan-
nels from bacteria to vertebrates, of both the N- and C-terminal 
cytosolic domains) have been solved by X-ray crystallography 
(12–14). These structures of the cytosolic domains in conjunc-
tion with solved structures of the membrane core of other similar 
transmembrane potassium selective channels, KcsA, MethK and 
KirBac, provide a general static view of the channels presumably 
in the closed and open conformations (12, 15–17); for a review 
see ref. 18. Despite the knowledge accumulated as described 
above, we still do not have a detailed mechanistic understand-
ing of the conformational changes that allow channel gating of 
inwardly rectifying potassium channels, in particular those that 
are activated by intracellular modulators, like G proteins.

We took advantage of the known stoichiometry of the GIRK 
channels and the fact that one of the subunits, GIRK1, is unable 
to form homotetramers. In our work we used the cardiac version 
of GIRK channels, mainly heterotetramers of GIRK1/GIRK4 
in a 1:1 ratio, thought to be arranged in a fourfold symmetry 
(19–21). This turns out to be of a great advantage, since FRET 
pairing of known stoichiometry allows quantitative interpretation 
of the FRET signals. We chose to tag both the cytoplasmic N- and 
C-termini of these subunits by the fluorescent FRET pair CFP (the 
donor) and YFP (the acceptor) (8, 22). CFP and YFP are a good 
FRET pair, having a relatively large overlap between CFP emission 
spectrum and YFP absorption spectrum, which is crucial for effi-
cient energy transfer. In addition, their absorption spectra enable 
selective excitation of the donor with minimal or complete absence 
of acceptor excitation. It is very important to test the functionality 
of the tagged channel subunits. All fused constructs were thus 
imaged to validate proper translocation to the plasma membrane, 
and tested electro-physiologically for their functionality (10).

Measuring FRET between tagged neighboring subunits in 
each combination (two termini for each of the subunits) allowed 
us to measure the distances between the neighboring subunits 
and to translate each distance to a point in X, Y, Z space.

Two kinds of FRET measurements were performed, to elu-
cidate structural changes associated with channel gating and to 
understand the relationship between the channel and the G pro-
tein subunits, at rest and during activation. The former measure-
ments were conducted for both closed and open channels (by both 
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over-expression of Gβγ or following activation of the A1 adenosine 
receptor). Comparison of the space representation of the channel’s 
cytosolic ends in its closed, vs. open states enabled us to create a 
model that predicts the general vectorial change associated with 
channel gating. The relationships between the GIRK channel and 
the G proteins subunits were studied by tagging the channel subunit 
with the donor fluorophore and the appropriate G protein subunits 
with the acceptor. In both types of measurements, the technicality 
of the experiment is similar and thus will be discussed without refer-
ring to any particular set of experiments independently. In some 
cases, we will describe the detailed calculation methodology which 
is specific for the specific type of experiment presented.

To increase the confidence that changes seen in FRET effi-
ciency are indeed due to changes in the distance between the 
fluorophores, one has to verify that the relative mobility of the 
donor and/or the acceptor is not changing during the confor-
mational transitions. We thus also describe the methodologies 
used to record the acceptor fluorescence anisotropy. Fluorescent 
anisotropy, r, is a measure of the extent of polarization of the 
sample. Upon excitation with polarized light, the emission from 
many samples is polarized. However, rotational diffusion of the 
fluorophores can lead to depolarization of the emission and thus 
to a reduced excitation of the neighboring acceptor (1). In our 
experiments, after correcting for the microscope polarization 
characteristics (see below), the apparent acceptor anisotropy 
values were similar for both unstimulated and stimulated cells, 
indicating that although the acceptor is attached to the channel, 
fluorophores’ free mobility is not affected following channel 
gating. Hence, constraints on dipole orientation are unlikely to 
substantially affect the FRET efficiency or account for FRET effi-
ciency changes detected upon channel activation.

In most cases when intracellular fluorescent tags are utilized, 
they are encoded genetically as fusion to the protein of interest. This 
approach introduces a complication when used on membrane pro-
teins, or any proteins that have a well-defined subcellular distribution. 
To specifically image those proteins in their target location, means 
of spatial control of either the excitation or the emission is desired. 
In the case of the GIRK channels the spatial control becomes very 
important, mainly due to the fact that a substantial amount of the 
mature fluorescently tagged channels are already present in many 
intracellular compartments. Therefore, to specifically monitor chan-
nel residing exclusively in the plasma membrane, we used total inter-
nal fluorescence (TIRF) (23). In TIRF microscopy, on reaching the 
critical angle (and beyond), the excitation beam totally changes its 
direction and  is reflected from the cover glass. This process is mainly 
due to the difference of the refraction index of the cover glass and 
the water (for more reading see refs. 23 and 24). Once the excita-
tion beam is reflected from the glass, it generates an electromagnetic 
standing wave, the evanescent wave (perpendicular to the cover 
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glass), that has the exact spectral characteristics of the excitation 
light. The power of this evanescent wave drops exponentially within 
100–200 nm, depending on the excitation angle and wavelength 
of the excitation beam. This useful characteristic of the evanescent 
wave allows the selective excitation of objects very close to the cover 
glass, such as the plasma membrane of cells.

Using the described methods we were able to monitor the 
conformational rearrangements of the GIRK channels during 
gating and the intricate relationship of this channel with the 
G proteins, both at rest and during activation (9, 10).

Following is a detailed description of the methodology used to 
obtain these results as well as points that require special attention.

 1. Ø24 mm number 0 cover slips (see Note 1).
 2. 1-M NaOH (keep safety precautions and work in chemical 

hood).
 3. 0.01% Poly-l-lysine. Store at 4°C.
 4. Borate buffer solution: Boric acid (3.1 g/l), Borax (4.75 g/l). 

Store at 4°C.
 5. Sterile double-distilled water (DDW).
 6. 0.22-µm syringe filter, syringe.
 7. 6-well plates.
 8. Aluminum foil.
 9. Autoclaved glass pipettes and 2-, 5-, and 10-sterile plastic pipettes.

 1. Human embryonic kidney (HEK 293) cells.
 2. T-25 Tissue culture flasks.
 3. 0.25% Trypsin–EDTA.
 4. Dulbecco’s Modified Eagle’s Medium (DMEM), HEPES 

modification, without L-Glutamine.
 5. DMEM/F-12 (HAM) 1:1 without L-Glutamine.
 6. L-Glutamine solution, 200 mM.
 7. Pen-Strep solution (penicillin 10,000 units/ml; Streptomy-

cin 10 mg/ml).
 8. Fetal calf serum (FCS).
 9. 15-ml conical centrifuge tubes, 1.5-ml eppendorf tubes.
 10. 35-mm tissue culture dishes.
 11. Autoclaved glass pipettes and 2-, 5-, and 10-sterile plastic 

pipettes.

16.2. Materials

16.2.1. Preparation of 
Poly-L-Lysine Coated 
Cover Slips

16.2.2. Cell Culture
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 1. Plasmids of GIRK1 and GIRK4 subunits tagged with CFP 
or YFP on their N- or C-termini. The subunits are fused to 
pCMV-CFP/YFP N1 or C1 vectors (Clontech). (Available 
on request) (see Note 2).

 2. cDNA of Adenosine type 1 receptor (A1r) or any other alter-
native Gi/o GPCR.

 3. Fugene transfection reagent (Roche). Store at −20°C and 
keep capped.

 4. Dulbecco’s Modified Eagle’s Medium (DMEM), HEPES 
modification, without L-Glutamine.

 5. 1.5-ml eppendorf tubes.

 1. In-house designed chamber suitable for inverted-microscopy 
imaging (or any other commercial alternative).

 2. Dulbecco’s Phosphate Buffered Saline (PBS) with MgCl2 
and CaCl2: 0.133-g/l CaCl2, 0.1-g/l MgCl, 0.2-g/l KCl, 
0.2-g/l KH2PO4, 8.0-g/l NaCl, 1.15-g/l Na2HPO4 (pH 
7.1–7.5).

 3. Olympus 60X/1.45NA objective or equivalent from Zeiss 
or Nikon.

 4. Olympus IX70 inverted microscope (any inverted micro-
scope is suitable).

 5. Dichroic mirrors: 465DCLP, 520DCLP; Emission filters: 
HQ485/30M, HQ535/30M and E470LP (all from Chroma) 
or alternative filter sets that match the spectral requirements 
for CFP-YFP FRET imaging and laser excitation.

 6. Argon laser for CFP excitation using the 454-nm laser line. 
440- or 405-nm diode lasers are also suitable for the CFP/
YFP pair.

 7. TILL-TIRF microscope condenser (TILL photonics).
 8. Oriel MS127i 1/8 m Imaging Spectrograph attached to the 

microscope side port via C-mount adaptor (light was colli-
mated and refocused into the spectrograph).

 9. 16-bit back illuminated CCD detector 256 × 1024 pixels 
(Andor, Belfast).

10. Xenon arc light source or an Argon laser for acceptor pho-
tobleaching with its 514-nm line.

11. Polychrome II monochromator (Till Photonics).
12. MCD software (Andor, Belfast) for control and data acquisi-

tion from the CCD detector.
13. Single mode, polarizing maintaining fiber (Point Source) 

matched to 400–500 nm wavelength.

16.2.3. Transfection

16.2.4. TIRF 
Microscopy and 
Spectroscopy
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1. Polarizing beamsplitter cube. Light was collimated before enter-
ing the polarizing cube using the appropriate lenses and later 
refocused into the photomultipliers.

2. Two H7711-03 photomultiplier tubes (Hamamatsu Photonics) 
or equivalent. The photomultipliers gain factor was calibrated 
using the same light source reflected from glass.

3. Digidata 1322A digitizer (Axon).

1. Excel or an equivalent electronic spreadsheet.
2. Matlab (The Mathworks).

1. Soak Ø24 mm number 0 cover slips for 3 h in 1-M NaOH 
solution (see Note 4).

2. Carefully wash the cover slips with DDW for 1 h.
3. Repeat step 2 three times, remove the DDW, cover with foil 

and let the cover slips dry over night in an oven set to a tem-
perature of 250°C.

4. Dissolve Poly-L-lysine (PLL, 0.01%) in the borate buffer solu-
tion (1:4 ratio). Filter the PLL solution in a 0.22-µm syringe 
filter, and pipette 200 µl of it on the center of each cover slip, 
placed in 6-well plates (see Note 5). Wrap the 6-well plates 
with aluminum foil and store overnight outside the hood to 
avoid PLL evaporation.

5. Add 2 ml of sterilized autoclaved DDW to each well and use 
suction to wash out the excess PLL fluid. Wash with 4 ml of 
sterilized DDW for 2 h and remove the DDW. Repeat the last 
wash once more, remove the water and dry the cover slips in 
the hood. Wrap the 6-well plate with aluminum foil and store 
in a clean place (see Notes 6 and 7).

1. Day 1. Prepare growth-medium composed of DMEM contain-
ing 10% FCS, 1% L-Glutamine, and 2% Pen-Strep solution. Aspi-
rate the media from T-25 tissue culture flasks grown to ∼90% 
confluence of HEK293 cells. Treat the cells with 0.5 ml of 0.25% 
Trypsin–EDTA for 1–2 min in a 37°C incubator. Observe under 
binocular that the cells become rounded and detach from flask 
bottom. Gently tap the flask to help cell displacement and then 
immediately block trypsinization by applying 7 ml of growth-
medium to the flask. Re-suspend the cells by gently pipetting 
them in the medium using sterilized glass pipette to obtain a single 

16.2.5. Anisotropy 
Measurements

16.2.6. Data Analysis

16.3. Methods

16.3.1. Preparation of 
Clean Poly-L-Lysine 
Coated Cover Slips 
(see Note 3)

16.3.2. Cell Culture 
(see Notes 8 and 9)
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cell suspension. Transfer the cell suspension to a sterile 15-ml 
conical centrifuge tube. Spin the cells down at 150×g for 7 min, 
discard the supernatant without disturbing the cell pellet. Re-
suspend the cells in 3 ml of fresh growth-medium, pipetting gen-
tly to dissociate pellet to a single cell suspension. Count the cells 
using a hemocytometer. Plate 3 × 105 cells/plate homogenously 
in 35-mm tissue culture dishes containing 3-ml fresh growth-
medium for each transfection planned. Maintain overnight at 
37°C in a humidified atmosphere of 95% air, 5% CO2.

2. Day 2. Transfect the cells with the plasmids of study (see Sub-
heading 16.3.3).

3. Day 3. Prepare serum-free medium (see Note 10): 
DMEM/F-12 containing 1% L-Glutamine and 2% Pen-Strep 
solution. Aspirate the medium from the 35-mm tissue 
culture dishes containing the transfected cells. Treat the 
cells with ∼150 µl (4–5 drops) of 0.25% Trypsin–EDTA 
for 1 min in 37°C incubator. Gently tap the tissue culture 
dishes to help cell displacement from the dish and imme-
diately block trypsinization by applying cells with 1 ml of 
growth-medium. Re-suspend the cells by gently pipetting 
the cells in the medium to obtain a single cell suspension. 
Transfer the cell suspension to a sterile 1.5-ml eppendorf 
tube. Spin the cells down at 150×g for 7 min. Discard the 
supernatant without disturbing the cells pellet. Re-suspend 
the cells in 1 ml of fresh serum-free medium. Pipette gently 
to dissociate pellet to a single cell suspension. Apply 150 µl 
of the serum-free medium in the center of each cover 
slip, and then add homogenously 15–20 µl (see Notes 11 
and 12) of the cells containing media to achieve moder-
ate density of cells on the cover slips. Incubate the 6-well 
plates, with cells plated on the cover slips, for ∼10 min in 
the 37°C humidified incubator. Clarify under binocular the 
desired density of cells per cover slip, and gently apply 2 ml 
of serum-free medium in each well. Maintain overnight at 
37°C in a humidified atmosphere.

1. Plan GIRK transfections in different subunit combinations so 
that while one subunit is tagged by CFP the second is tagged 
by YFP (see Notes 14–16). Pipette the plasmids mixture to a 
sterile eppendorf tube (tube A) per transfection. Add a GPCR 
of the Gi/o subfamily for activating the channel. Riven et al. 
(10) used the Adenosine 1 receptor (A1r) for this purpose.

2. Prepare a sterile tube (tube B) for each transfection contain-
ing DMEM (see Note 17) and add Fugene directly into it. 
The DNA:Fugene:DMEM ratio for reaction should be 2 (in 
µg):5(in µl):100(in µl), respectively. Incubate tube B for 5 min 
at room temperature.

16.3.3. Transfection 
(Day 2) (see Note 13)
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3. Add the content of tube B to tube A dropwise, with gentle 
vortexing. Incubate for 15 min at room temperature.

4. Aspirate the medium from the cell culture dishes containing 
the cells from day 1 and add 2 ml of 37°C prewarmed DMEM 
(see Note 17).

5. Add the content of tube A from step 3 to the cells dropwise. 
Swirl the dish to ensure even dispersal. Incubate the cells for 
5 h at 37°C in a humidified atmosphere.

6. Aspirate the DMEM (containing transfection mixture) from 
the tissue culture dishes containing the transfected cells. Add 
2 ml of preheated growth-medium.

1. Turn on the laser to let it stabilize (for at least 15 min) and cool 
down the spectrograph CCD to −30°C to minimize dark noise.

2. Mount a cover slip in the imaging chamber; wash the cells 
carefully twice with PBS and place on the microscope stage. 
Image the cells using a 60X/1.45NA (see Note 18) and focus 
on the cells using transmitted light.

3. A cell with a defined cytoplasm should be chosen and magnified 
using the 1.5× magnification tube lens to have an effective 
magnification of 90× (see Note 19).

4. To validate cell transfection, illuminate the cell with the 454-
nm line of the Argon laser for CFP excitation. CFP fluores-
cence is selectively inspected using 465DCLP dichroic and 
HQ485/30M emission filters (see Note 20).

5. Focus the TIRF system: After focusing the object on the 
desired plane, laser beam should be focused into the back 
focal plane of the object using the focusing wheel of the TIRF 
condenser. Set the laser beam in the epi configuration and 
focus the TIRF condenser to produce a parallel beam (leading 
to a minimal spot when projected on a distant surface like the 
ceiling) (see Note 21). Turn the angle adjustment screw on 
the TIRF condenser until the laser beam is eventually totally 
internally reflected, and signal fluorescence is limited to the 
depth of evanescence wave excitation. Out of focus laser will 
not produce the appropriate TIRF image.

6. Spectroscopy: Switch to 465DCLP dichroic and E470LP 
emission filters for spectroscopic measurements using the 
454-nm Argon line.

7. Set the spectral calibration of the spectrograph and determine 
the data type in the software to be background subtracted.

8. Determine the exposure time for data collection to 50–200 ms 
in the software (see Note 22) and use the lowest possible laser 
intensities to minimize bleaching and yet provide a reliable 
fluorescence emission spectra.

16.3.4. TIRF 
Microscopy and 
Spectroscopy (Day 4)
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 9. Collect background spectra. The best way to collect back-
ground spectra is to move to an area in the cover glass con-
taining an untransfected cell.

10. Collect a spectrum from a transfected cell.
11. Switch to the 520DCLP dichroic and HQ535/30M emission 

filters and illuminate the sample in the epi configuration with 
514 ± 5 nm for 500 s using the Polychrome II monochroma-
tor to bleach the acceptor (see Notes 23–25). This can also 
be done with a 514-nm argon laser in a much shorter time 
(exposure time should be determined on individual basis, 
depending on the laser power/optical path). Switch back to 
465DCLP dichroic and E470LP emission filters.

12. Collect cell emission spectrum immediately following the 
acceptor bleaching.

13. To evaluate the conformational changes following GPCR 
activation, expose cover slips containing transfected cells to 
0.5–2 mM of adenosine (in PBS) (see Note 26). Then estimate 
FRET efficiencies in the same procedures as described above 
(see Note 27).

1. Use polarizing cube beamsplitter to split the collimated emission 
signal from the sample to its parallel and perpendicular com-
ponents (see Note 28).

2. Record simultaneously the parallel and perpendicular compo-
nents of the acceptor emission signal using the two photom-
ultiplier tubes.

3. Collect background signals from an area with cells not expressing 
the construct and subtract the two background components 
from the appropriate main signal.

4. Calculate the anisotropy, r, according to r = (I 
 
–I⊥)/(I 

 
+2I⊥), 

where the I⊥ and I  are the perpendicular and the parallel emit-
ted light (background corrected) with respect to the polarized 
excitation light, respectively.

5. Repeat the procedure for both unstimulated and stimu-
lated cells to check for changes in the extent of donor-
acceptor random mobility under the two gating modes of 
the channel.

1. Measure the intensity of the peak of CFP emission (at 490 nm) 
from spectra taken before (IDA) and after (ID) acceptor pho-
tobleaching.

2. Calculate FRET efficiency, E, using the equation E = 1 − IDA/ID.
3. Calculate the distance R between donor and acceptor, using 

the Förster equation where E = 1/(1 + (R/R0)
6) or E = 1/(1 + 

(R/R0)
6/2) in cases where donor is assumed to have equal dis-

tance to both acceptors in the tetrameric arrangement (in the 

16.3.5. Anisotropy 
Measurements

16.3.6. Data Analysis
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combinations of 4N-Cy/1N-Yl and 4C-Cy/1C-Yl) (see Note 
29). R0 (Förster distance) is 50.4 Å in the case of CFP/YFP 
pair (8).

4. Do the same calculations for agonist treated and nontreated 
cells.

5. The three-dimensional vector coordinates of the tagged fluoro-
phores were computed using the Euclidean distances between 
the chromophores (calculated from the FRET efficiency) and 
an in-house computer program (MatLab 6.1 release 12.1), 
with convergence within a 1% error in distance. The model 
assumes (1) a fourfold symmetry for channel assembly and 
(2) the distance of the C-terminal end from the membrane is 
greater than the distance of the N-terminal end.

1. We found it necessary to work with a reliable brand of cover 
slips to achieve good TIRF images. Many cheap brands claim 
for the appropriate refractive index of their cover slips but 
yielded poor TIRF images. It is very important to have a per-
fect match between the objective lens, the immersion oil and 
the cover glass. We found that Marienfeld microscope cover 
glass and Olympus nonfluorescence immersion oil (nd = 
1.516) is a perfect combination with our Olympus objective 
(1.45NA 60X-first generation).

2. The nomenclature is consistent with Riven et al. (10) such 
that 4N-Cy stands for a GIRK4 subunit tagged by CFP on its 
N-Terminus, etc.

3. This step is crucial to get a tight attachment between the cells 
and the cover slips. Hence, it is important for obtaining high-
quality TIRF images of the membrane, and to minimize the 
background level of the cover slip.

4. Since NaOH is a strong base, work in a chemical hood using 
safety precautions.

5. From this step on work is done under sterile conditions.
6. PLL wash is important since excess PLL is toxic to cells. The 

extended DDW wash periods are needed since the wash is 
mostly through a diffusion process.

7. It is possible to use the coated cover slips also a few days after 
their preparation if kept sterile and closed in a clean place.

8. Trypsin and media should be prewarmed to 37°C.
9. Sterile techniques should be maintained. All liquid should be 

filtered using 0.22-µm filters and all glassware has to be auto-
claved before used.

16.4. Notes
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10. Serum-free medium is used in order to avoid auto fluores-
cence. Cells maintained in serum-free medium tend to appear 
less round and to demonstrate many membrane projections.

11. The exact volume of cells added to a cover slip should be 
evaluated taking into consideration the need to achieve the 
final cell’s density such that the field recorded through-the-
objective will include a single cell in most cases.

12. Some portion of the transfected cells can be transferred to 
tissue culture dishes with the growth-medium, and be main-
tained in 37°C humidified incubator. The cells will grow in 
the presence of serum and can be plated on cover slip on day 
4 and imaged on day 5.

13. We described here transfection protocol using Fugene reagent 
that worked successfully. However, other transfection methods 
can be used as well. Besides the obvious need for low toxicity 
level and high transfection efficiency, check also for transfection 
effect on cells autofluorescence. For example, after calcium 
chloride transfections, cells contained many intracellular 
autofluorescent spots.

14. Keep subunit transfection ratio of GIRK1:GIRK4 of 1:5, 
respectively. This ratio was achieved empirically. GIRK1 con-
tains ER retention signal and therefore cannot translocate to 
the membrane without the assembly with GIRK4. On the 
contrary, GIRK4, which does not have an ER retention signal, 
can translocate on its own to the membrane and form func-
tional GIRK4 homotetramers, biasing the FRET evaluations.

15. The following plasmids amounts were transfected in the study 
by Riven et al. (10) (plasmid weight in µg is in parenthe-
ses): 4N-Cy(0.2)/1C-Yl(1)/A1r(1); 4N-Cy(0.2)/1N-Yl(1)/
A1r(1); 4C-Cy(0.2)/1N-Yl(1)/A1r(1); 4C-Cy(0.2)/1C-
l(1)/A1r(1) (see Note 2 for nomenclature).

16. For efficient transfections we recommend addition of at least 
2 µg of total weight of plasmids, and not to exceed 15-µl 
total volume of DNA in the transfection reaction.

17. Transfections should be made in serum-free medium. Both 
DMEM and Optimem successfully worked for this purpose.

18. We recommend comparing different immersion oils for obtaining 
the best TIRF images. Pay attention to matching immersion oil 
that has minimum fluorescence and the best match of refractive 
index for your objective under the excitation wavelength of use.

19. If cells were plated at a moderate density, using 90× total 
magnification will result in a single cell within the field of 
detection. Since the detection is through-the-objective, care 
is given such that each spectrum will represent a single cell.

20. For selective inspection of YFP emission and for YFP bleaching 
use 520DCLP dichroic and HQ535/30M emission filters.
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21. If the laser beam exiting the objective is not parallel, part of 
the laser light might not be totally internally reflected causing 
background fluorescence.

22. Short exposure time is desired to minimize donor bleaching. 
Bleached donor will underestimate FRET efficiency values.

23. Eliminate detector exposure to the extended strong Xenon 
or Argon illumination during acceptor photobleaching.

24. The time needed for total acceptor bleaching should be 
determined for each setup beforehand by monitoring acceptor 
emission intensity during its continuous illumination by the 
Xenon or with an equivalent laser source.

25. It is important to establish that the CFP is not affected by 
this procedure.

26. The appropriate exposure time of cells to the agonist should be 
determined empirically. In our experimental setup, 1-h exposure 
to 0.5–2 mM of adenosine was necessary to allow full equilibra-
tion of the GPCR situated in close proximity to the cover slip.

27. Alternatively, the activation of the GIRK channel can be 
evaluated by cotransfecting Gβγ subunits to constitutively 
activate the channel (25).

28. Align the polarizing cube properly. The laser reflections from 
a glass cover slip can be used to examine the alignment. The 
parallel axis should have the maximal intensity, where the 
perpendicular line should be at minimum. Typically, polari-
zation cube (Thor Labs) can polarize light at 98 and 2% for 
the parallel and perpendicular line, respectively.

29. In the case of 4N-Cy/1N-Yl and 4C-Cy/1C-Yl, a correc-
tion to the equation is needed since the donor resonance 
energy is transferred to two acceptors located in identical 
distances from the donor. In the other combinations the dis-
tance between the donor and the closer acceptor dominates 
in terms of the FRET (10).
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Chapter 17

The Voltage-Clamp Fluorometry Technique

Chris S. Gandhi and Riccardo Olcese

Summary

Ion channels are the cell’s gatekeepers. These proteins selectively allow ionic current to flow down its 
electrochemical gradient. In some cases, specialized chemical or voltage sensing domains respond to 
environmental changes and signal the cell to adjust its internal chemistry in response to its surround-
ings. Because of their importance in cell function, channels have been the focus of intense study at the 
functional and structural level. Here we describe the optical technique voltage-clamp fluorometry (VCF) 
which is used to monitor the functional state and probe the structural rearrangements that take place as 
ion channels are activated by voltage. VCF combines electrophysiology, molecular biology, chemistry, 
and fluorescence into a single technique. Our focus is on voltage-gated ion channels, but the technique 
described can be applied to other proteins. We describe the cut open vaseline gap configuration (COVG) 
for VCF recording.

Key words: Ion channel, Electrophysiology, Voltage-clamp, Cut open voltage-clamp, Voltage-
clamp fluorometry, TMRM, PyMPO, Cysteine labeling, Conformational change.

Biophysicists have traditionally used a combination of elec-
trophysiology, molecular biology, and chemistry to study ion 
channels. Voltage-clamp fluorometry (VCF) was originally devel-
oped in the Isacoff laboratory (1) and is the descendant of two 
important techniques (1) traditional oocyte-based two-electrode 
voltage clamp (TEVC) and (2) scanning cysteine accessibility 
mutagenesis (SCAM).

TEVC is a standard and straightforward electrophysiology 
technique widely used for studying channels expressed in Xeno-
pus oocytes. Stefani, in collaboration with Bezanilla, has subse-
quently improved and modified the oocyte voltage-clamp in the 
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cut open vaseline gap (COVG) variation (2). Although COVG is 
more complicated to implement than TEVC, it offers faster and 
more uniform control over voltage as well as a low noise, high 
frequency response (1.2 nA rms at 5 KHz and 24 µS time con-
stant) making it an ideal recording method to capture fast kinet-
ics (e.g., gating current) and to use when a large signal-to-noise 
ratio is important.

The SCAM approach was developed by the Karlin laboratory 
and used to probe the topology of the nicotinic acetylcholine 
receptor (3). Briefly, the reactivity of a small thiol specific reagent 
to an introduced cysteine is measured while the conformation of 
the protein is controlled either by application of ligand or voltage. 
A reactive site is interpreted to be “accessible” and a nonreactive 
site is interpreted to be “inaccessible” to the probe. Numerous 
groups have applied this technique to study the voltage-depend-
ent rearrangements of ion channels, and their combined results 
(4) are the basis for the proposed outward movement of the volt-
age sensing membrane segment S4 during channel activation. 
The optically based measurement VCF (1) is a natural extension 
of this chemical approach.

The idea behind VCF is relatively simple. A channel of inter-
est is engineered to include a single reactive cysteine residue and 
expressed in Xenopus oocytes. The cysteine is then selectively 
modified with an organic thiol-reactive fluorophore probe (Fig. 17.1).
Structural rearrangements during channel gating are assayed via 
differences in fluorescence emission caused by changes in the 
probe exposure to solvent (e.g., moving from aqueous to lipid 
phases) and/or proximity to quenching groups. The fluores-
cence is typically monitored at a fixed wavelength with a pho-
tomultiplier tube, CCD camera, or photodiode while the gating 
state of the channel is controlled with a voltage-clamp. In prac-
tice, a change in protein structure near the probe is reported as 
a dimming or brightening of fluorescence (∆Fs). These reports 
occur in real-time and monitor the kinetics of protein motion. 
For example when a fluorophore is attached to the S4 segment of 
Kv channels, the kinetics of the change in fluorescence intensity 
reflect the kinetics of S4 movement (5, 6). Additionally, since a 
fluorophore reports changes in structure near its attachment site, 
the optical signal can help determine the contribution of differ-
ent parts of the protein to distinct steps in the kinetic pathway 
(6, 7). In spite of some technical limitations (e.g., in general only 
extracellularly exposed cysteines are accessible to form covalent 
bonds with thiol-reactive probes), VCF has proven to be a suc-
cessful approach to explore conformational changes in voltage 
and ligand-gated channels and has produced invaluable informa-
tion about the dynamic processes underlying ion channel opera-
tion. Several pioneering examples can be found in the references 
(1, 5–12). Importantly, VCF can resolve conformational changes 
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of noncharged regions of a protein, thereby providing comple-
mentary information to electrophysiology studies.

 1. 10× Ca2+-Free Solution for oocyte defoliculation. 830 mM 
NaCl, 20 mM KCl, 10 mM MgCl2· 6H2O, 100 mM HEPES. 
Dissolve the above in 800 mL of ddH2O. Adjust pH to 7.6 
with NaOH. Adjust final volume to 1 L. Sterilize through 
0.2 µM filter. Dilute to 1× Ca2+-Free as needed. Store both 
solutions at room temperature.

17.2. Materials

17.2.1. Oocyte 
Isolation and Culture

Fig. 17.1. Thiol-reactive fluorophores label unique cysteines placed at strategic posi-
tions in the channel protein. These fluorophores, sensitive to the surrounding environment, 
can report conformational changes of the channel. (a) Two commonly used fluorophores 
used in voltage-clamp fluorometry (VCF) and their excitation (ex.) and emission (em.) 
maxima. (b) A schematic of one channel subunit embedded into the plasma membrane. 
A single labeled cysteine, substituted in the S3–S4 loop, reports voltage dependent 
rearrangements of this region (see Fig. 17.6).
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 2. Collagenase II and III Cocktail for oocyte defolliculation. To 
30 mL of 1× Ca2+-Free add 15 mg of Type II collagenase and 
25 mg of Type III collagenase. Store collagenase stocks at 
−20°C. Prewarm bottles to room temperature before open-
ing. Use cocktail immediately, and do not store.

 3. 10× ND96 Solution for oocyte culture. 960 mM NaCl, 18 
mM CaCl2·2H20, 10 mM MgCl2·6H20, 100 mM HEPES. 
Dissolve the above in 800 mL of ddH2O. Adjust to pH 7.6 
with NaOH and adjust volume to 1 L. Sterilize through 0.2 
µM filter. Dilute to 1× ND96 as needed. Store both solutions 
at room temperature.

 1. ND96. 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, 10 mM HEPES pH 7.6 plus gentamycin and pyru-
vate. Take 200 mL of 10× ND96 and add 1,800 mL of 
ddH2O. Add 2 mL of gentamycin (50 mg/mL) and 5 mL of 1 
M pyruvate. Sterilize through 0.2 µM filter. Store at 18°C.

 2. High Potassium Labeling Solution (depolarizing). 120 mM 
K-methanesulfonate (KMES), 2 mm CaCl2, 10 mM HEPES, 
pH 7.0.

 3. Low Potassium Labeling Solution (hyperpolarizing). 120 
mM Na-methanesulfonate (NaMES), 2 mM CaCl2, 10 mm 
hepes, pH 7.0.

 4. (optional) Tetraglycine maleimide (TGM) for cysteine preb-
lock. Aliquot and store at −20°C.

 5. 100 mM stock of tetramethylrhodamine maleimide (5′-
TMRM; T-6027, Molecular Probes, Eugene, OR) in DMSO 
or DMF anhydrous. Dissolve 5 mg of 5′-TMRM in 104 µL 
of DMSO or DMF. Keep away from light. Store at −20°C. 
Avoid contact with moisture (see Note 1).

 6. 20 mL scintillation vials for oocyte labeling (Perkin Elmer, 
Waltham, MA).

 7. MiniFridge II, Model 260009 (Boekel Scientific, Feaster-
ville, PA) or equivalent temperature controlled incubator. 
The small size of the MiniFridge allows the temperature to 
be rapidly adjusted and can house several 20 mL scintillation 
vials at the recording station.

Prepare recording solutions from isotonic (∼240 mMol/kg) stock 
solutions of NMGMES (N-methylglucamine methanesulfonate), 
KMES, Ca(MES)2, etc., and mix according to your needs. Typi-
cal recording solutions are given below.
 1. Internal Solution (total K+ = 120 mM) for bottom chamber. 

110 mM potassium glutamate, 10 mM K-HEPES, pH 7.0
 2. External Sodium Solution (total Na+ = 120 mM) for mid-

dle and upper chamber. 110 mM NMGMES, 10 mM Na-
HEPES, 2 mM Ca(MES)2, pH 7.0.

17.2.2. Oocyte 
Incubation, 
Endogenous Cysteine 
Preblock, and Channel 
Labeling

17.2.3. Recording 
Solutions and Agar 
Bridges
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 3. External Potassium Solution (total K+ = 120 mM) for middle 
and upper chambers. 110 mM KMES, 10 mM K-HEPES, 
2 mM Ca(MES)2, pH 7.0.

 4. Permeabilizing Solution. 0.1% saponin in internal solution. 
2–5 mL of concentrated 10% saponin stock can be prepared 
in distilled water and stored at 4°C. Take care as the stock 
is easily contaminated with bacteria. The permeabilizing 
solution should be prepared fresh every 2–3 days as it loses 
strength rapidly.

 5. Vaseline. Coating the rims of the oocyte chambers improves 
the seal between the oocyte and the chambers. Although 
pure Vaseline® can be used, we prefer a mixture of Parafilm 
and heavy mineral oil (Sigma-Aldrich, St. Louis, MO). Cut 
several small pieces of Parafilm (0.3 g total) and place in a 
small beaker. Overlay with 2 ml heavy mineral oil and warm 
on hot plate, stirring until the Parafilm is completely dis-
solved and the solution appears as thick oil. Let it cool to 
room temperature. The consistency will be similar to honey, 
slightly less viscous than the original Vaseline®. We will refer 
to this Parafilm/oil mixture as vaseline.

 6. Agar bridges. Thread a thin Pt wire through six glass cap-
illaries (previously bent on a Bunsen flame to the proper 
shape) and fill with external recording solution in 3% agar. 
Store the bridges in the recording solution at 4°C. Keep the 
bridges as short as possible. When dealing with large cur-
rents (>1–5 µA), fill the bridges with either 1 M NaMES or 
KMES in 3% agar. Store in same buffer (see Note 2).

Use equipment and consumables appropriate for a standard 
oocyte voltage-clamp experiment with the exception of the fol-
lowing.
 1. A Faraday cage located in a dark room or equipped with 

black out curtains (e.g., black rubberized fabric (Thorlabs, 
Newton, NJ) ) (see Note 3).

 2. An active vibration isolation table or passive air mounts 
placed under a heavy breadboard, supporting a stereoscope, 
fluorescence microscope, recording chambers, and micro-
manipulators.

 3. CA-1/CA-1B Cut Open Voltage Clamp Amplifier (Dagan 
Corp., Minneapolis, MN). This amplifier can be operated 
in TEVC as well as COVG mode. Methods section assumes 
that a CA-1B is used.

 4. Recording chambers. Use a COVG plastic chamber assem-
bly similar to the ones provided by Dagan Corp. The upper 
recording chamber should have a length of at least 25 mm 
to allow the positioning of the water immersion objective 
in the center of the chamber while leaving enough room to 

17.2.4. Equipment
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place three agar bridges. Depending on the working distance 
of the objective, the lateral walls of the upper (recording) 
chamber may need to be lowered to allow focusing on the 
oocyte upper dome. (optional) The underside of the upper 
chamber can be painted with black nail polish to minimize 
reflection and background light.

 5. An upright fluorescence microscope outfitted with a 5× air 
immersion objective (to aid oocyte impairment) and a 40× 
water immersion objective (for fluorescence recording). 
Equivalent results were obtained with an Achroplan 40x 
0.8W (working distance (wd) = 3.6 mm) (Zeiss, Thornwood, 
NY) or a LUMPL FL 40x 0.8W (wd = 3.3 mm) (Olympus, 
Center Valley, PA) (see Note 4).

 6. High quality fluorescence filter sets (excitation/dichroic/
emission) appropriate for the fluorophore used. For exam-
ple, use the 41002 filter cube set for TMRM, Exciter = 
535/50 nm, Emitter = 610/75 nm, Dichroic 565 long pass 
or a 31048 filter cube set for PyMPO, Exciter = 390/22 nm, 
Emitter = 515/30 nm, Dichroic 425 DCLP (Chroma, Rock-
ingham, VT).

 7. A TTL triggered shutter to avoid unnecessary bleaching of 
the fluorophore. The shutter is opened a few ms before start-
ing the acquisition via a shutter driver (e.g., Uniblitz shutter 
driver VMM D1 (Vincent Associates, Rochester, NY) ).

 8. PhotoMax 200 PIN diode current amplifier (Dagan Corp., 
Minneapolis, MN) or equivalent detector to measure the 
fluorescence intensity of the site directed florescent probe.

The key to a successful VCF experiment is proper sample prepara-
tion. Both the quality of cells and fluorophore labeling conditions 
are crucial. It is imperative that oocytes be completely defollicu-
lated. Labeling conditions have to be empirically determined for 
each cysteine mutant; the included protocol provides the most 
common and successful starting conditions (see Note 5).

TGM is a nonfluorescent, sulfhydryl specific small molecule. It is 
used to selectively label the oocyte’s surface exposed endogenous 
cysteines before channel expression at the plasma membrane (1). 
TGM prelabeling can significantly reduce background fluores-
cence, but in many cases is not necessary.
 1. In a 20 mL scintillation vial, dissolve 30 mg of tetraglycine 

(TG; Sigma-Aldrich, St. Louis, MO) in 5 mL of 0.1 M NaCl, 

17.3. Methods

17.3.1. (Optional) 
Tetraglycine Male-
imide Synthesis and 
Purification
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0.1 M NaPhosphate, pH 7.25. This gives a 25 mM TG 
solution.

 2. Add slowly (drop by drop) 0.25 mL of 200 mM SMCC in 
DMF (S-1534; Molecular Probes, Eugene, OR) to the TG 
solution while continuously stirring.

 3. Incubate for 1 h at 37°C while stirring slowly.
 4. Purify TGM from unreacted components by HPLC. Use 

a semipreparative C18 reversed phase column and an ace-
tonitrile gradient (+0.1% TFA). TGM is eluted by 15–16% 
acetonitrile as a single, sharp peak.

 5. Divide the eluted TGM solution into 1.5 mL centrifuge 
tubes, and dry overnight in a speed-vac. Do not use heat.

 6. To determine the TGM concentration, dissolve the content 
of a tube and determine the maleimide concentration by 
measuring the reactivity of TGM to a known amount of free 
cysteine using Ellman’s reagent (13, 14).

Xenopus oocytes may be isolated using standard protocols; how-
ever, it is imperative that cells be completely free of their fol-
licular layer as the layer is nonspecifically labeled by fluorophores 
and interferes with the high resistance vaseline seal between the 
oocyte and the upper and middle COVG chambers. Treat oocytes 
with the Collagenase II and III cocktail in 1× Ca2+-free solution 
to remove the follicular layer (see Note 6).
 1. Choose twenty to forty stage V–VI oocytes for mRNA 

microinjection. Oocytes should be completely defolicu-
lated and have a uniformly pigmented animal pole. Batches 
of oocytes with very dark animal poles usually have lower 
background fluorescence and give the best results. Smaller 
oocytes should also be avoided as they do not fit properly in 
the COVG chambers.

 2. Microinject each oocyte with 50 nL cRNA (0.02–1 µg/
µL) using a Drummond nanoinjector (Drummond Scien-
tific, Broomall, PA). Inject near the equator of the oocyte 
to avoid the nucleus and use the smallest injection pipette 
tip possible that allows successful injection without pipette 
clogging. Avoid large injection pipettes as they damage the 
oocytes leading to cell death, poor expression, and/or injection 
scars which contribute to background fluorescence.

 3. After cRNA injection, place 20–40 oocytes in sterile, tis-
sue culture grade 25 mm Petri dishes (for example Falcon 
353002). Incubate in ND96 solution for 1–9 days at 12 or 
18°C. Incubation at 12°C traps newly synthesized chan-
nels in the ER and prevents surface expression. This allows 
endogenous surface cysteines to be preblocked with TGM 
in order to reduce the background fluorescence (optional). 

17.3.2. Cell Isolation, 
Injection, Incubation, 
and Labeling



220 Gandhi and Olcese

Incubation at 18°C allows newly synthesized channels to 
traffic to the plasma membrane. Cells incubated at 18°C 
cannot be preblocked.

 4. (optional) 12–18 h before recording, wash cells once in 
ND96 and transfer to a 20 mL scintillation vial containing 
0.5–1 mM TGM in ND96. Incubate for 30 min at 12°C. 
Wash three times in ND96 to completely remove unreacted 
TGM. Proceed to step 5 and incubate at 18°C overnight. 
The higher temperature should allow your channel to traffic 
out of the ER (see Note 7).

 5. 12–18 h before recording, wash cells once in ND96 and 
replace with ND96 solution supplemented with 200 µM 
DTT (to break potential disulfide bonds) and 10 µM EDTA 
(to remove heavy metals). Incubate at 18°C overnight.

 6. Immediately prior to recording, thoroughly rinse the oocytes 
with labeling solution to remove excess DTT and transfer to 
a 20 mL scintillation vial containing 2 mL of labeling solu-
tion spiked with TMRM to a final concentration of 5–10 µM. 
Incubate for 30–40 min in the dark. Keep cells on ice or at 
room temperature. Wash three times in recording solution 
and incubate in the dark at 12°C (see Note 8).

COVG recordings are performed under an upright fluorescence 
microscope. Recordings are performed in a dark room or in a 
Faraday cage equipped with black out curtains. All cell handling 
is done in as low light as possible. Oocyte mounting within the 
COVG recording chambers is performed underneath a dissec-
tion stereoscope mounted adjacent to the fluorescence micro-
scope (Fig. 17.2c). The entire chamber is then moved under 
the fluorescence microscope. A 5× objective with a long working 
distance is used for inserting the intracellular electrode (V1) into 
the center of the oocyte dome before switching to the 40× water 
immersion objective (see Note 9).

The cut open chamber consists of three compartments 
(Fig. 17.3). The upper or recording chamber electrically iso-
lates the oocyte upper domus (∼1/5 of the total oocyte sur-
face). Fluorescence and current is recorded from this chamber. 
The middle chamber voltage-clamps the middle part of the 
oocyte, serving as a guard shield. The bottom chamber isolates 
the oocyte lower domus which is permeabilized with 0.1% 
saponin to reduce the access resistance to the oocyte interior. 
The bottom chamber contains the intracellular solution and 
hosts a current injecting agar bridge (I) to actively clamp the 
oocyte interior to V = 0 mV (via feedback with the intracel-
lular glass electrode V1). The upper and middle chambers are 
actively clamped to the command potential. Each chamber is 
connected to a 6 well block via agar bridges. When assembling 

17.3.3. Voltage-Clamp 
Fluorometry in COVG 
Mode
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Fig. 17.2. The voltage-clamp fluorometry light path/circuit and COVG circuit. (a) Schematic of the recording chamber, 
fluorescence light path, photodetector circuit, and COVG circuit. The bottom chamber (filled with internal solution) is held at 
ground, and the middle chamber and upper chambers (filled with external solution) are clamped to the command voltage. 
Fluorescence and current is recorded only from the upper chamber. Light is detected by a top mounted photodiode whose 
output is connected to a low noise current amplifier. (b) A typical VCF/COVG setup. (c) Side mounted dissection scope used 
for chamber assembly and oocyte mounting. (d) Close up of the COVG chamber mounted on a fluorescence microscope.
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the chamber and bridges, ensure that solutions do not form 
contacts between the bridges, wells, or sides of the chambers. 
In particular do not overfill the chambers.

 1. Set the CA-1B amplifier to Cut Open mode. Adjust front 
panel controls according to Fig. 17.5 (see Note 10).

 2. Using computer controls, set the holding potential to 0 mV. 
Maintain the holding potential at 0 mV unless otherwise 
instructed in the Notes section.

 3. Remove bridges from storage solution and blot off excess 
solution. Fill the 6 well bridge block with 1 M NaCl and 
position the bridges and middle chamber as shown in Fig. 
17.4a (see Note 11).

 4. Using a fine capillary pipette glass stick, coat the rim of the 
middle chamber hole with a small amount of vaseline ensur-
ing that that the hole remains clear. Clear the hole with suc-
tion if necessary.

 5. Fill both bottom and middle chambers with external solu-
tion. Ensure that the hole is clear (i.e., no vaseline, no air 
bubbles). The two chambers should now be in electrical 
contact.

 6. Set software to apply a repetitive 10 mV test pulse (i.e., a 
7 ms pulse repeating at 30 Hz) and check the capacity tran-
sient. The pulse should last 7 ms with a steady state ampli-
tude of 10 mV as in Fig. 17.4a. Leave the test pulse running 
until the mounting procedure is complete.

17.3.3.1. Mounting the 
Oocyte

Fig. 17.3. COVG well block and chambers. Electrical and fluorescence recordings take place in the upper chamber.
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Fig. 17.4. Oocyte mounting and chamber circuit testing in COVG mode. The well block is 
filled with 1 M NaCl and electrically connected to the chambers via agar bridges. (a) The 
hole in the middle chamber is coated with vaseline, and the middle chamber is inserted 
into the bottom chamber. Both chambers are filled with external solution and are in 
electrical contact via the central hole. The bath/guard is set to PASSIVE, and the clamp 
is OFF. A 10 mV test pulse generated by the CA-1B amplifier produces the oscilloscope 
trace shown left. (b) Oocyte permeabilization. After oocyte mounting, the bottom cham-
ber is filled with internal solution + 0.1% saponin. Middle and upper chambers are filled 
with external solution. The bath/guard is set to ACTIVE, and the clamp is OFF. The test 
pulse will initially appear as a fast single exponential decay (1). In time the test pulse 
becomes slower reflecting partial permeabilization (2). Permeabilization is complete 
when the test pulse appears as a slow single exponential decay (3). Permeabilization 
of the oocyte takes 30–60 s. (c) Final recording configuration. Saponin is removed and 
the bottom chamber is filled with internal solution. An intracellular electrode has been 
inserted into the oocyte. Bath/guard is set to ACTIVE, and the clamp is ON.

 7. Using a glass transfer pipette, place one labeled oocyte on 
the vaseline coated hole with the animal (dark) pole facing 
up.

 8. Apply quick suction to remove a small amount of solution 
from the bottom chamber. This maneuver will “suck” the 
oocyte into the hole, improving the seal between the oocyte 
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and the vaseline coated hole of the bottom chamber. The 
current amplitude during the test pulse (i.e., the leak cur-
rent) should decrease slightly but clearly.

 9. Apply a thin film of vaseline (almost invisible) to the under-
side of the upper chamber and clear the hole by applying 
suction.

10. Gently push the upper chamber down into the middle cham-
ber so that a small dome of the oocyte is isolated from the 
middle chamber and peeks through the upper chamber. This 
is the patch of membrane from which current and fluores-
cence will be recorded (see Note 12).

11. Place the bridges in the recording configuration as shown in 
Fig. 17.4b.

Fig. 17.5. (a) Initial CA-1B voltage-clamp amplifier settings for a typical COVG experiment. (b) Schematic of the cut open 
headstage and front panel controls of the CA-1B voltage-clamp amplifier. Numbered controls refer to panel (a).
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 12. Switch the Bath/Guard toggle to ACTIVE. The leak cur-
rent should be close to zero (Fig. 17.4b, 1) (see Note 13).

 13. Remove solution from the bottom chamber and refill with 
permeabilizing solution, paying attention not to produce 
bubbles. Monitor the permeabilization process by follow-
ing the capacitative current elicited by the test pulse. The 
leak current should not increase, while the capacity transient 
should become progressively slower (Fig. 17.4b, 2–3). 
Permeabilization is complete when the transient no longer 
changes and appears as a single, slow exponential decay 
(Fig. 17.4b, 3). The permeabilization process typically takes 
30–60 s.

 14. Remove the permeabilizing solution from the bottom cham-
ber. Wash and refill the bottom chamber with the internal 
solution, paying attention not to produce bubbles. Move 
the entire chamber/well assembly under the fluorescence 
microscope. Be careful not to disturb the bridges, chamber, 
or oocyte.

 15. Using a low magnification objective (5×) immerse the volt-
age sensing electrode (V1) into the external solution (upper 
chamber) and adjust the offsets for V1 and V2 so that they 
read the inverse of the holding potential (HP) applied (i.e., 
adjust offset to +90 mV if the applied HP is −90 mV). After 
the adjustment, the front panel Vm (i.e., V1 − V2) meter 
should read 0 mV.

 16. Impale the cell to the right of the center of the upper domus 
with the glass pipette (V1) (R = 0.5 MΩ) maintaining a shal-
low angle to leave enough clearance for the microscope 
objective. Track oocyte impalement by noting the front panel 
Vm meter. STOP IMMEDIATELY as soon as V1 reaches 
the other side of the membrane and reads the membrane 
potential.

 17. Toggle the Clamp to ON. The capacity transient will become 
very fast (Fig. 17.4c).

 18. Adjust the membrane potential to the correct holding poten-
tial by adjusting the offset knob on the cut open headstage 
clamp source (Fig. 17.5).

 19. (optional) Toggle ON Capacitance & Resistance Compen-
sation. Compensate the leak current first. Next, compensate 
the capacitance transients starting from the slowest com-
ponent (rightmost knobs) and moving towards the faster 
components. In the process you will need to readjust all the 
components backwards and forwards to achieve a complete 
compensation of the capacity transient. Good capacity com-
pensation with COVG usually requires more tweaking than 
with patch clamp amplifiers.
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Fluorescence and channel current are acquired as two separate 
inputs monitored by an electrophysiology software package. Any 
package that can acquire from two analog inputs is suitable.
 1. Illuminate and focus the upper domus of the oocyte using 

the 40× water immersion objective. The field of the sug-
gested objectives will cover most of the oocyte upper domus 
(~600 µM in diameter).

 2. Insert an appropriate filter cube into the fluorescence light 
path of the microscope, according to the fluorophore used 
for labeling (see Note 14).

 3. Set software to acquire data from analog inputs 1 (oocyte 
current) and 2 (photodiode current).

 4. Power on the PhotoMax diode amplifier or an equivalent 
detector and synchronize the shutter operation with the volt-
age-clamp protocol (see Note 15). Simultaneously acquire 
the oocyte ionic (or gating) current and the photodiode cur-
rent (see Fig. 17.6; see also Note 16). For some fluorophore 
labeled positions the background fluorescence (F) can be 
very large and the measurable ∆F very small (∆F/F 0.1% or 
less). In these cases it is necessary to subtract the basal fluo-
rescence “online.” The PhotoMax system can measure and 
digitally store the basal fluorescence level, imputing an equal 
subtraction current into the headstage, thus holding the DC 
current close to zero. This track and hold feature allows the 
use of high gain without saturating the amplifier, significantly 
improving the signal-to-noise ratio (see Note 17).

 1. The choice of fluorophore is application dependent. TMRM 
and PyMPO are used strictly as an example. A variety of 
thiol-reactive fluorophores are commercially available and 
some experimenting can be useful. For example we found 
that some positions in the hSlo channel were accessible to 
TMRM but not to PyMPO and vice versa (15), possibly due 
to the different molecular sizes and shapes of these probes. 
Additionally, different isomers of the same fluorophore 

17.3.3.2. Simultaneous 
Recording of Fluorescence 
and Ionic and/or Gating 
Currents

17.4. Notes

Fig. 17.6. (continued) channel opening. Adapted from ref. 16 (Copyright 2007 The Rockefeller University Press). (c) A 
nonconducting Shaker mutant (W434F) fluorescently labeled at position 356C (S3–S4 linker) with TMRM in either the 
“wild-type” or inactivation removed (IR) background. Gating current and fluorescence are recorded simultaneously. The 
fluorescence tracks the motion of position 356 which in turn follows the gating current. Both the return gating current 
and fluorescence are slowed in the IR background indicating that the return of position 356 to the resting state is immo-
bilized in IR relative to “wild-type” (adapted from ref. 16).



Fig. 17.6. Examples of VCF data from the hSlo and Shaker channels. (a) Simultaneous recording of ionic current and 
Pympo fluorescence from the human BK channel (hSlo). A Xenopus oocyte was injected with cRNA encoding an hSlo 
channel containing a single extracellularly exposed cysteine at position 201 located in the S4 transmembrane segment. 
The oocyte was incubated for 40 min in 10 mM PyMPO maleimide. The K+ current elicited by depolarization to the indi-
cated potentials from a holding potential of -160 mV and corresponding fluorescence traces are shown. As the channel 
open probability increases with each depolarizing step, the fluorescence intensity increases revealing conformational 
changes of the channel. Notice the significant ∆F elicited by the voltage step to -40 mV, which is not sufficient to open 
the channel. (b) The steady state conductance and fluorescence vs. voltage curves for hSlo R201C. Note that the fluo-
rescence curve is left shifted relative to the conductance revealing that a conformational change occurs in S4 prior to 
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sometimes change the amplitude (magnitude and sign) of 
the fluorescence signal (6). Make all fluorophore stocks at 
as high a concentration as practically possible to minimize 
oocyte exposure to DMSO or DMF. High exposure results 
in leaky cells.

 2. The suggested chambers are extremely compact. Bridges 
should be as short as possible and allow easy placement and 
movement in the oocyte chambers. Several bridge lengths 
should be tested for optimal placement within the chamber 
taking into account both the needs of the optical path and 
manipulators.

 3. We recommend using black out curtains attached directly to 
the Faraday cage. However, be aware that the temperature 
in the cage can increase steadily throughout the day due to 
the heat produced by the fluorescence lamp. If temperature 
control is an issue, mount the lamp outside the cage or cut a 
vent in the top of the cage. It is also helpful to place a small 
DC powered fan near the lamp to circulate hot air away from 
the microscope.

 4. The microscope can be extremely simple since VCF only 
 collects photons; it does not acquire images. However, micro-
scopes with low loss light paths are preferable. In particular, 
make sure that 100% of the light can be output to the  detector 
port and that the light path is properly aligned. Mounting the 
photodiode to a three-axis micropositioner helps maximize 
light gathering. We use Halogen lamps (100 W or more) for 
the excitation source as they are quiet (low noise introduced 
into recordings) and do not interfere with the voltage-clamp 
recording. Since the change in fluorescence emission (∆F) can 
be minimal, it is imperative to power the halogen lamp with a 
very well regulated DC power supply to avoid fluctuation in 
the light intensity. We have had reproducible success using a 
model IF15-15 12V–16A (International Power, Oxnard, CA) 
to power 100-W 12-V halogen lamps by Zeiss and Osram 
(Xenophot). Higher light intensity can be achieved with 
Xenon arc lamps (especially if more power toward the blue 
region of the spectrum is needed).

 5. Be aware that additional molecular biology beyond cysteine 
substitution may be required to produce VCF suitable chan-
nels. Wild-type cysteines may have to be removed to pre-
vent unwanted labeling and to decrease the fluorescence 
background. Additionally, labeling efficiency depends on 
the location of the cysteine substitution. In general, exter-
nal loops are the easiest to label. The external facing ends 
of helices can also be labeled relatively easily. Deeper posi-
tions generally require higher fluorophore concentrations 
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or longer labeling times. Cytoplasmic positions cannot be 
labeled using this protocol, since the suggested fluorophores 
are membrane impermeant.

 6. There is significant batch to batch variability in collagenase 
activity. Collagenase treatment times need to be empirically 
determined and may take as long as 45 min with continu-
ous brisk shaking at room temperature. After collagenase 
treatment, the oocytes will have to be visually inspected and 
sorted to remove lysed and/or nondefoliculated cells. Allow 
the cells to recover for 1 day in ND96 before proceeding, 
and change the solution at least once during that time.

 7. Lowering the temperature to trap newly synthesized channels 
in the ER is both construct/clone and oocyte batch specific. 
Do not assume that lower temperature always prevents sur-
face expression. When testing new constructs, always check 
expression levels at several temperatures before attempting 
to preblock cells.

 8. The choice of the labeling solution is channel and site 
dependent. For voltage-gated channels use High K+ (depo-
larizing) labeling solution for cysteines that are expected to 
be extracellularly exposed in the open state. Use Low K+ 
(hyperpolarizing) labeling solution for cysteines that are 
expected to be extracellularly exposed at rest.

 9. VCF was initially developed for recording in TEVC mode 
and may be easier for some labs to implement in this con-
figuration. To perform VCF in this mode, use an inverted 
fluorescence microscope and an oocyte chamber that can 
accommodate a bottom, glass coverslip. The oocyte should 
always be presented animal (dark) pole down (i.e., towards 
the objective) and may be held in place with the help of a 
small nylon mesh as the oocyte tends to naturally rotate ani-
mal pole up.

 10. The controls on the CA-1B may be labeled slightly different 
depending on the manufacture date.

 11. The cut open chamber and the 6 well block for the bridges 
are very compact. The space can be very cramped, and the 
bridges may be close to each other or even touching. This is 
especially true of the current injecting bridge I and P2 which 
need to cross each other. It is imperative that no electri-
cal shorting occurs between the 6 wells. Coating the area 
around the wells with silicone grease can be used to pre-
vent shorting. Short circuits (e.g., salt bridges) may form 
between bridges or between wells, and they are a major 
source of complications for investigators new to the COVG 
technique. Attention should be paid so that of the bridges 
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are dry before positioning and that they do not displace 
solution from the wells.

 12. Be careful not to trap air under the upper chamber. One way 
to ensure that no air is trapped is to bring the chamber down 
at a slight angle and then level the chamber as the top of 
the oocyte begins to show through the chamber hole. The 
top of the oocyte should peek out of the upper chamber. It 
should not bulge out under tension. The agar bridges may 
be temporarily removed from the middle chamber during 
this step. Replace the bridges once the upper chamber is in 
place.

 13. For some voltage-gated channels, the test pulse from hold-
ing potential = 0 mV may produce an apparent leak current if 
the channel is highly expressed and conducting. The appar-
ent leak should disappear by lowering the holding potential 
to a sufficiently negative voltage. Be careful not to change 
the holding potential until after the oocyte is mounted and 
sealed to the chamber. This passes less current through and 
prolongs the life of the bridges.

 14. Several fluorophores undergo photodestruction over the 
course of an experiment resulting in progressive loss in sig-
nal. If the fluorescence signal is strong, photodestruction 
can be reduced by inserting neutral density filters in the 
excitation path. Alternatively, a free radical scavenger such 
as mercaptoethylamine (MEA) may be used in the recording 
solution to slow photodestruction.

 15. If possible, use a TTL pulse generated by the electrophysiol-
ogy software package to control the shutter. To prevent pho-
todestruction, open the shutter as briefly as possible (i.e., 
do not collect fluorescence during preconditioning voltage 
pulses).

 16. In some cases, relatively small fluorescence signals will require 
averaging multiple fluorescence recordings (typically 3–20) 
in order to reduce noise. If averaging for long amounts of 
time, pay special attention not to photodestroy the fluoro-
phore during the recording.

 17. The headstage of a regular patch clamp amplifier can be mod-
ified to be used for photometry. A photodiode (e.g., PIN-
020A photodiode (UDT Technologies, Torrance, CA) ) in 
photovoltaic configuration can be connected to the headstage 
input of a patch clamp amplifier for the amplification of the 
photocurrent. However, in this case an external, offsetting 
circuit (more powerful than the one present on the amplifier) 
is required to null the background photocurrent.
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Chapter 18

Identification of Mutations in the Kir6.2 Subunit 
of the KATP Channel

Sarah E. Flanagan and Sian Ellard

Summary

The beta-cell ATP-sensitive potassium channel is a key component of stimulus–secretion coupling in the 
pancreatic beta-cell. The channel consists of four subunits of the inwardly rectifying potassium channel 
Kir6.2 and four subunits of the sulfonylurea receptor 1. Loss of function mutations in the KCNJ11 
and ABCC8 genes that encode for Kir6.2 and SUR1 can cause over-secretion of insulin and result in 
hyperinsulinism of infancy, while gain of function mutations in KCNJ11 and ABCC8 have recently been 
described that result in the opposite phenotype of diabetes.

Genetic testing is important for patients with hyperinsulinism or neonatal diabetes, as identification 
of a KATP channel mutation confirms a diagnosis of their disorder. This genetic information may direct the 
clinical management; for example, patients with neonatal diabetes may transfer from insulin to sulfonylu-
reas with an improvement in glycaemic control. The genetic diagnosis can also help to predict the likely 
course of the disease and may allow accurate counselling in terms of recurrence risk for these families.

This chapter focuses on the methodology used for the analysis of the KCNJ11 gene by direct sequenc-
ing. The same principles can be employed for ABCC8 analysis although the polymerase chain reaction 
(PCR) primers will differ. Details on DNA extraction from peripheral blood leukocytes, amplification of 
the KCNJ11 gene by the PCR, sequencing, and mutation detection are provided.

Key words: DNA extraction, Polymerase chain reaction, Sequencing, KCNJ11, Neonatal diabetes, 
Hyperinsulinism.

The beta-cell ATP sensitive K+ channel (KATP) consists of two 
essential subunits Kir6.2 and sulfonylurea receptor 1 (SUR1). 
Kir6.2, encoded by the KCNJ11 gene, is the pore-forming sub-
unit and belongs to the inwardly rectifying potassium channel 

18.1. Introduction

Jonathan D. Lippiat (ed.), Methods in Molecular Biology, Potassium Channels, vol. 491
© 2008 Humana Press, a part of Springer Science + Business Media, Totowa, NJ
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family. SUR1 is encoded by the ABCC8 gene and belongs to the 
ATP-binding cassette (ABC) transporter family. The channel is 
an octameric complex of four Kir6.2 and four SUR1 subunits. 
The channels couple glucose metabolism to membrane electrical 
activity and insulin release in pancreatic beta-cells. When blood 
glucose levels rise, the consequent increase in glucose metabolism 
results in an alteration in the ratio of cytosolic nucleotides (ADP/
ATP), and this causes KATP channel closure and membrane depo-
larisation. This subsequently activates voltage-dependent calcium 
channels leading to an influx of calcium. The increase in intracellular 
calcium concentration triggers insulin granule exocytosis.

Given the central role of the KATP channel in insulin secretion it is 
not surprising that mutations in the genes, KCNJ11 and ABCC8, 
can result in both hypo and hyperglycaemia (1–4). Homozygous, 
compound heterozygous or more rarely heterozygous dominant 
inactivating mutations in the KCNJ11 and ABCC8 genes are the 
most common cause of hyperinsulinism (OMIM 256450). Missense, 
nonsense, and frameshift mutations have been reported, which 
result in either a reduction or complete loss of KATP channel activity 
at the surface membrane (5–7).

Activating KCNJ11 and ABCC8 mutations have been shown 
to cause neonatal diabetes (OMIM 600937) (3, 4, 8). To date, 
only dominantly acting missense KCNJ11 mutations have been 
described in patients with neonatal diabetes: this is in contrast to 
ABCC8 where diabetes may result from heterozygous activating 
mutations, homozygous activating mutations, or compound hetero-
zygosity for both an activating and inactivating mutation (9). 
The majority (∼80%) of KCNJ11 mutations reported have arisen 
‘de novo’ in the proband, so there is no family history of neonatal 
diabetes (4, 10–13).

The identification of an ABCC8 or KCNJ11 mutation in a 
patient with hyperinsulinism or neonatal diabetes is important, 
as it provides a firm diagnosis of their disorder and also confirms 
the subtype. This information helps to predict the likely course 
of the disease and will influence the clinical management of the 
patient. For example, identification of a KATP channel mutation 
in a patient with neonatal diabetes can have a major impact on 
treatment, as the beta-cell KATP channel can be pharmacologically 
regulated by sulfonylurea drugs, which work by binding to and 
closing the KATP channel thereby restoring insulin secretion. Many 
patients have transferred from insulin injections to sulfonylurea 
tablets with an improvement in glycaemic control (8, 11, 14–16). 
For autosomal dominant neonatal diabetes, the identification 
of a disease-causing mutation in a proband has implications for 
other family members. The recurrence risk is dependent of the 
mode of inheritance. For de novo mutations, there is a small risk 
due to the possibility of germline mosaicism in a parent (17, 18), 
whereas for dominantly inherited mutations the risk is 50%. In 
contrast, siblings of probands with recessively acting mutations 
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will have a 25% risk of inheriting both mutations and developing the 
disease. For patients with hyperinsulinism, identification of reces-
sive ABCC8 or KCNJ11 mutations allows the option of prenatal 
testing in future pregnancies.

This chapter focuses on the methodology used for the analysis 
of the KCNJ11 gene. The same principles can be employed 
for ABCC8 analysis although polymerase chain reaction (PCR) 
primers will differ (for details of primer sequences see ref. 9). 
Sequencing is the ‘gold standard’ method for mutation screen-
ing and therefore our method of choice for the analysis of the 
KCNJ11 gene. Briefly, following DNA extraction the single 
exon of the KCNJ11 gene is amplified by the PCR in three over-
lapping fragments. Successful amplification can be confirmed 
by agarose gel electrophoresis, which allows visualisation of the 
PCR products. Purified PCR products are sequenced by the 
dideoxy chain termination sequencing method. The sequencing 
reactions are then separated by size on a capillary sequencer. 
Computer software generates the DNA sequence, which is 
depicted as an electropherogram that can then be analysed by 
various software packages.

1. EDTA (ethylenediamine tetraacetic acid) (7.5 mL) in anti-
coagulant blood tube.

1. Wizard Genomic DNA Purification kit (Promega, Wisconsin, 
USA). Store at room temperature.

2. Ethanol (99.7–100%). Dilute to 70% with distilled water. 
Store at room temperature.

3. Isopropanol. Store at room temperature.
4. DNA rehydration solution (0.1 mM EDTA): 10 mL of 10× 

rehydration buffer (supplied in Wizard Kit), 2 mL of 1 M Tris–
HCl, pH 7.6, and 88 mL double distilled (dd) water. Store in 
50-mL aliquots at room temperature.

1. Megamix Double (Microzone, Haywards Heath, UK). Store 
at −20°C.

2. DNA 10 ng/µL. Store at −20°C.
3. Double distilled water (ddH2O). Store at room temperature.
4. Primers complementary to three overlapping fragments of the 

single exon of KCNJ11. The primers sequences are as follows: 
fragment 1 (forward primer) GTGCCCACCGAGAGGACT 
(reverse primer) GAGCCCCACGATGTTCTG; fragment 2 

18.2. Materials
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(forward primer) CACCAGCATCCACTCCTTCT (reverse 
primer) GTTTCCACCACGCCTTCC; fragment 3 (forward 
primer) CTACCATGTCATTGATGC (reverse primer) CCA-
CATGGTCCGTGTGTA. All primers are M13-tailed (see Note 
1). Primers are generally shipped lyophilised. Stock primers 
should be made to 100 pmol/µL by adding the given volume 
of dd H2O. Primers should be stored in 100 µL aliquots at a 
working concentration of 2 pmol/µL at −20°C. The diluted 
primer mix includes both forward and reverse primers.

1. Running buffer: 10× Tris–Borate–EDTA (TBE): 0.89 M Tris 
borate, 0.02 M EDTA, 0.89 M boric acid pH 8.3. Store at 
room temperature.

2. Agarose. Store at room temperature.
3. Bench top PCR DNA 1,000 bp ladder. Store at room tem-

perature.
4. Ethidium bromide (this is a mutagen and so care should be 

taken with storage and handling). Store at room temperature 
and shield from light.

5. Gel loading solution (Sigma Aldrich, MO, USA). Store at 
room temperature.

1. Exonuclease I (New England Biosciences, MA, USA). Store 
at −30°C.

2. Shrimp alkaline phosphatase (Promega, Wisconsin, USA). 
Store at −30°C.

3. Double distilled water (ddH2O). Store at room temperature.

1. 5× Big Dye Dilution buffer (Applied Biosystems, Warrington, 
UK). Store at 2–8°C.

2. Big Dye Terminator V3.1 (Applied Biosystems, Warrington, 
UK). Store at −30°C.

3. M13 forward sequencing primer (2.5 pmol/µL). The primer 
sequence is TGTAAAACGACGGCCAGT. Store at −30°C.

4. Performa DTR Gel Filtration Cartridges VH Bio (Edge Bio-
systems, MD, USA). Store at 2–8°C.

5. Double distilled water. Store at room temperature.

1. ABI 3730 48 capillary DNA analyser (Applied Biosystems, 
Warrington, UK).

2. POP7 (Applied Biosystems, Warrington, UK).
3. Mutation Surveyor Software V2.61 (SoftGenetics, PA, USA).

18.2.4. PCR Check Gel

18.2.5. Purification of 
the PCR Products

18.2.6. Sequencing 
Reactions and 
Sequencing Clean-Up

18.2.7. Electrophoresis 
of Sequencing 
Reactions and 
Sequence Analysis
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Ideally, DNA should be extracted from peripheral blood leuko-
cytes. EDTA tubes should be filled with the appropriate volume 
of blood and then inverted several times to ensure mixing with 
the anti-coagulant (see Note 2).

High-quality DNA can be extracted from peripheral blood 
leukocytes using the Wizard Genomic DNA Purification Kit 
(see Note 3).
 1. To lyse the erythrocytes, take 1–7.5 mL of blood and trans-

fer to a 50-mL centrifuge tube. To this add 9 mL of cell lysis 
solution for every 3 mL of blood. Invert the tube twice to 
mix and incubate at room temperature for 10 min. Invert 
a further two to three times during this period. Following 
incubation, centrifuge at 2,000×g for 10 min.

 2. Pour off the supernatant without disturbing the visible white 
pellet and add 5 mL of cell lysis solution. Vortex to mix and 
then centrifuge at 2,000×g for 10 min.

 3. To lyse the nuclei and leukocytes, pour off the supernatant 
carefully without disturbing the visible white pellet and add 
5 mL nuclei lysis solution and pipette.

 4. When viscous, add 1.65 mL of protein precipitation solu-
tion to the nuclear lysate and vortex to mix. Centrifuge at 
2,000×g for 10 min.

 5. Transfer the supernatant to a 15-mL tube containing 5 mL 
of isopropanol. Gently mix the solution by inversion. Strands 
of DNA should become visible.

 6. Centrifuge at 2,000×g for 2 min and then decant the super-
natant into waste.

 7. Add 1 mL of 70% ethanol to the DNA pellet and centrifuge 
for 2 min at 2,000×g. Decant the ethanol into a sterile 
universal and air-dry the DNA pellet for 10–15 min.

 8. Add 500 µL of DNA rehydration solution (0.1 mM EDTA) 
(see Note 4) and rehydrate the DNA by incubating at 37°C 
until dissolved. This will take approximately 10–12 h.

 9. Store the DNA at −20°C.

This method results in the generation of millions of copies of the 
KCNJ11 gene generated from the original DNA template.
 1. Remove the Megamix Double, DNA, and primers from the 

−20°C freezer (see Note 5) and label 3 × 0.2 mL sterile PCR 
microfuge tubes for each patient and a negative control. If 
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amplifying a number of patient samples, it may be preferable 
to use a 96-well plate.

 2. To each of the tubes add 10 µL of Megamix Double, 5 µL 
of 10 ng/µL DNA (or ddH2O for the negative control), and 
2.5 µL of forward and 2.5 µL of reverse primer. Centrifuge 
the tubes briefly.

 3. Place PCR microfuge tubes in a thermocycler, making sure 
that caps are properly closed, and run the following pro-
gramme:

 1 Cycle 95°C 3 min
 30 Cycles 95°C 30 s
  60°C 1 min
  72°C 1 min
 1 Cycle 72°C 10 min

 4. On completion, the PCR samples should be stored at 2–8°C.

Agarose gel electrophoresis is used to visualise PCR products 
(see Note 6). These instructions assume the use of an ABGene 
Electrofast Wide gel system although they are easily adaptable to 
other formats.
 1. Prepare a 5-mM thick 2% agarose gel by mixing 2 g agarose 

with 100 mL of 1× TBE running buffer.
 2. Microwave for approximately 1.5 min to dissolve the agarose. 

Run cold water over the flask to cool the molten agarose to 
approximately 60°C.

 3. Add 5.0 µL ethidium bromide and swirl to mix carefully 
avoiding bubbles.

 4. Pour agarose into the pre-assembled electrophoretic rig, 
making sure the comb is correctly positioned. The gel should 
polymerise within 30–40 min.

 5. Prepare a 1: 10 dilution of the 10× running buffer.
 6. Pour approximately 50 mL of the 1× TBE running buffer 

into the gel tank and remove the casting gates and comb.
 7. Add 2 µL gel loading buffer to 5 µL of each sample. Load 

samples and controls and 2 µL of the benchtop PCR DNA 
ladder to the marker well.

 8. Close the gel tank and connect to the power supply. The gel 
should be run at 120 V for 15 min (200 mA).

 9. Following electrophoresis, the PCR products can be visu-
alised on a transilluminator. The presence of the DNA size 
standard allows confirmation that the correct size products 
have been amplified (see Note 7).

 1. Prepare 1 µL of a 1:1:1 mix of Exonuclease I, Shrimp alkaline 
phosphatase and ddH2O for each of the PCR products and 
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mix by vortexing. Add 1 µL of the mixture to three labelled 
0.2-mL sterile microfuge tubes. To each of these add 1.5 µL 
of the corresponding PCR product. Centrifuge the tubes 
briefly (see Note 8).

 2. Incubate at 37°C for 30 min then deactivate the enzymes by 
incubation at 80°C for 15 min. Centrifuge the tubes briefly 
(see Note 9).

 1. Prepare the sequencing master mix for each purified PCR 
product as follows: 0.37 µL of Big Dye Terminator Sequenc-
ing Mix, 1.83 µL of Big Dye Dilution Buffer, 2 µL of M13 
tailed forward sequencing primer (at 2.5 pmols/µL), and 
3.3 µL of water (see Note 10). Add 7.5 µL of this sequencing 
mix to each of the microfuge tubes containing the 2.5 µL of 
purified PCR product. Centrifuge the tubes briefly and place 
in the thermocycler (see Note 11).

 2. Run the following programme:

 25 Cycles 96°C 10 s
  50°C 5 s
  60°C 2 min

Following completion of the sequencing programme, carry out 
the following:
 3. Centrifuge the filtration cartridges at 850×g for 3 min (see Note 

12) and transfer the inner column to a clean, labelled 1.5 mL 
microfuge tube. Discard the outer tube containing the buffer.

 4. Apply the sequencing reactions directly to the gel bed, 
making sure not to touch the gel or the side of the tube with 
the pipette tip.

 5. Centrifuge the tube at 850×g for 3 min then discard the 
inner column and transfer samples to a 96-well non-skirted 
plate ready for sequencing.

These instructions assume the use of an ABI 48 capillary 3730 
DNA analyser although they are easily adaptable to other formats.
 1. A septa should be put onto the 96-well non-skirted plate 

which can then be placed into a plate retainer and loaded 
into the ABI 3730. The sequencer should be run as per the 
manufacturer’s protocol.

 2. Following electrophoresis, the samples can be analysed on 
sample collection software (see Note 13).

Mutation Surveyor software can be used for mutation detection. 
Analysis requires a reference file to define the exon boundaries, 
amino acid and nucleotide numbering and regions of interest (see 
Note 14), and normal sequence from a patient with no mutations 
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Analysis
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or polymorphisms within the region of interest for comparison 
with the patient sequences. The software will highlight any 
differences in sequence between the control and patient samples. 
It is possible to annotate polymorphisms in Mutation Surveyor 
so that common polymorphisms can be distinguished from other 
variants identified. Quality can be monitored using the program’s 
quality score (a noise:signal ratio) or by assessment of Phred 
scores. Phred is a base-calling program that assigns scores based 
on the probability that the base call is correct. Hence a Phred 
score of 20 represents 99% likelihood that the call is correct, 
30 = 99.9%, and 40 = 99.99%.

It is recommended that any mutations identified are confirmed 
prior to reporting. This should involve repeating the PCR of the 
fragment harbouring the mutation using a fresh dilution of stock 
DNA, followed by re-sequencing. Mutation testing for affected 
family members can be carried out at the same time as mutation 
confirmation. If there is no family history of diabetes or hyperin-
sulinism, unaffected parents should also be screened for the muta-
tion. In the case of hyperinsulinism, this testing would confirm 
carrier status for the parents and would allow accurate genetic 
counselling in regards to the likelihood of future affected preg-
nancies. For patients with neonatal diabetes and a novel KCNJ11 
mutation, the presence of a de novo mutation, as shown by its 
absence in the unaffected parents, lends support to the variant 
being pathogenic (see Note 15).

 1. PCR primers complementary to the forward strand should 
start with the M13 sequence, 5′ TGTAAAACGACG-
GCCAGT, while primers targeting the reverse strand should 
start with 5′ CAGGAAACAGCTATGACC. These sequences 
act as a target sequence for the universal primer which is 
used for sequencing.

 2. To ensure high-quality DNA, it is advised that if immediate 
extraction is not possible then blood be stored at 2–8°C. It 
is recommended that DNA extraction is carried out within 5 
days of sample collection.

 3. This method for DNA extraction involves lysis of the eryth-
rocytes in the Cell Lysis Solution, followed by lysis of the 
leukocytes and their nuclei in the Nuclei Lysis Solution. The 
cellular proteins are then removed by a salt-precipitation step; 

18.3.8. Mutation 
Confirmation and 
Pathogenicity of 
Unknown Variants
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this precipitates the proteins leaving the high-molecular-
weight genomic DNA in solution. Finally, the genomic DNA 
is concentrated and desalted by isopropanol precipitation.

 4. Following transfer of the supernatant to 5 mL of isopropanol 
and gentle inversion, strands of DNA should become visible. 
If DNA has not been seen at this stage, then it is recom-
mended that 100 µL rather than 500 µL of DNA rehydra-
tion solution is used to dissolve the DNA pellet.

 5. We have found Megamix to be a very convenient and effi-
cient means for DNA amplification. The PCR mix contains 
all of the fixed components needed for PCR amplification 
and the mix is very stable and can be freeze/thawed many 
times without any noticeable loss in enzyme activity.

 6. The PCR products are loaded onto the gel and subjected to 
an electric field by applying an electric voltage across the gel 
by means of a buffer (electrolyte) solution (TBE). The nega-
tively charged DNA fragments migrate to the positive elec-
trode. Low-molecular-weight DNA or small PCR products 
will migrate faster than high-molecular-weight DNA or large 
PCR products and this allows the samples to be separated by 
size. The PCR products are visualised in the agarose gel by 
addition of ethidium bromide. Although this step is not cru-
cial, it is recommended, as sequencing a ‘failed’ PCR product 
will result in unnecessary expenditure due to wasted sequenc-
ing reagents.

 7. The running buffer solution should be run through a com-
mercially available charcoal filter or treated with charcoal-
activated ‘tea bags’ prior to drain disposal.

 8. The exonuclease I degrades excess single-stranded primer 
oligonucleotides from the PCR reaction mixture in a 3′–5′ 
direction. Shrimp alkaline phosphatase (SAP) is added to 
catalyse the dephosphorylation of 5′ phosphates from the 
DNA. Alkaline phosphatases are used for the dephosphor-
ylation of 5′ phosphorylated ends of DNA for subsequent 
labelling with dideoxynucleotides (ddNTPs).

 9. If it is not possible to proceed with sequencing reactions 
following the PCR purification, then it is recommended 
that the purified PCR products be stored at −30°C. We have 
found that sequencing quality is occasionally reduced if the 
samples are left for an extended period of time.

 10. PCR products require single direction sequencing. The 
sequencing produced by this method is of high quality which 
provides confidence that any mutations will be detected by 
sequencing just the forward strand. In our experience unidi-
rectional sequence analysis has a sensitivity of >99%.
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 11. This method utilises a single-stranded purified PCR product 
that acts as a template for the synthesis of a complementary 
strand of DNA. The Big Dye Terminator contains a DNA 
polymerase and four ddNTPs which lack a 3′ hydroxyl group. 
Each ddNTP is labelled with a base-specific fluorescent dye. 
The absence of the 3′ hydroxyl group prevents phosphodiester 
bonding, resulting in the formation of many hundreds of 
oligonucleotide fragments which differ in length.

 12. Gel Filtration Cartridges are used to remove excess Big Dye 
Terminator, salts, and other low-molecular-weight material. 
If there are large numbers of sequencing reactions to purify, 
then it is recommended that 96-well gel filtration plates be 
used as per the manufacturer’s instructions (Edge Biosystems, 
MD, USA).

 13. Capillary electrophoresis separates the sequencing reactions 
by size, which allows the order of nucleotides within the 
sequence to be determined.

 14. Further information regarding installation and user infor-
mation for Mutation Surveyor software can be found in the 
manual that accompanies the software package.

 15. When novel variants of unknown functional significance are 
identified in the KCNJ11 gene, it is important to obtain infor-
mation to support or refute their role in the given phenotype. 
It is useful to screen ethnically matched normal chromosomes, 
as the absence of the variant in 298 normal chromosomes 
allows 95% confidence that the frequency of the change is less 
than 1%. This provides support to the variant being a disease-
causing mutation rather than a rare polymorphism. It is also 
useful to check whether the mutated residue is conserved 
across species. A mutation at a highly conserved residue would 
suggest that the residue is crucial for the proper function of 
the protein. A number of web sites can be used to check con-
servation (e.g. the University of Santa Cruz Web site: http://
genome.ucsc.edu/). Web sites are also available to analyse the 
effect of mutations on splicing, all of which are freely available 
on the Web.
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Chapter 19

Modulation of Potassium Ion Channel Proteins Utilising 
Antibodies

Mark L. Dallas, Susan A. Deuchars, and Jim Deuchars

Summary

The application of antibodies to living cells has the potential to modulate the function of specific proteins 
by virtue of their high specificity. This specificity has proven effective in determining the involvement of 
many proteins in neuronal function where specific agonists and antagonists do not exist, e.g. ion chan-
nel subunits. We discuss a way to utilise subunit specific antibodies to target individual channel subunits 
in electrophysiological experiments to determine functional roles within native neurones. Utilising this 
approach, we have investigated the role of the voltage-gated potassium channel Kv3.1b subunit within 
a region of the brainstem important in the regulation of autonomic function. We provide some useful 
control experiments in order to help validate this method. We conclude that antibodies can be extremely 
valuable in determining the functions of specific proteins in living neurones in neuroscience research.

Key words: Antibody, Neurone, Ion channel, Patch clamp, Brainstem, Potassium channel.

Antibodies by their very nature provide a high level of specifi-
city to their target molecules (antigens). In this context, antibod-
ies are widely used in ion channel research for the purposes of 
immunohistochemistry (1,2). In a somewhat different approach, 
we undertook experiments to evaluate the use of protein-specific 
antibodies as tools in an electrophysiological setup. In particular, 
we wanted to address the functional role of specific ion channel 
subunits in native neurones. We focussed on a family of voltage-
gated potassium (Kv) ion channels, the Kv3 subfamily, which 
shows a widespread distribution throughout the central nervous 
system (3). Splice variants, accessory subunits, and the assembly 
of homomeric/heteromeric tetramers increase the complexity 
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of this family of channels (4). These channels have a unique 
biophysical fingerprint that sets them apart from other voltage-
dependent channels. Most mammalian Kv channels activate at 
relatively negative voltages (−60 to −30 mV), but in the case 
of the Kv3 channels the activation is more positive at approxi-
mately −10 mV (5). This is significant since this high activation 
threshold will only be crossed during the firing of an action 
potential.

The ability to unambiguously dissect out functional roles 
for Kv3 channel proteins depends on the availability of specific 
pharmacological tools. Although broad-spectrum channel block-
ers exist (e.g. tetraethlyammonium (TEA)), individual subunit 
blockers remain scarce. In order to address this, we undertook 
electrophysiological experiments utilising an antibody targeting 
the Kv3.1b subunit in the intracellular patch solution. By using 
this approach, we have shown a functional role for the Kv3.1b 
subunit in the repolarisation of action potentials within native 
neurones (6).

1. Sucrose artificial cerebral spinal fluid (aCSF): 217 mM 
sucrose, 26 mM NaHCO3, 3 mM KCl, 2 mM MgSO4, 2.5 mM 
NaH2PO4, 2 mM CaCl2, 10 mM glucose (adjust to pH 7.4). 
This solution should be made up fresh and stored at 4°C.

2. Normal aCSF: 124 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 
2 mM MgSO4, 2.5 mM NaH2PO4, 2 mM CaCl2, 10 mM glu-
cose (adjust to pH 7.4). This solution should be made up 
fresh and stored at room temperature.

3. A solution of agar (3%) made up in normal aCSF (see above).
4. Mixed-gas cylinder (95% O2, 5% CO2).

1. Intracellular solution: 110 mM K-gluconate, 11 mM EGTA, 
2 mM MgCl2, 0.1 mM CaCl2, 10 mM HEPES, 2 mM Na2ATP, 
0.3 mM NaGTP (adjust pH to 7.2). This solution can be made 
up in advance and stored at −20°C for a month (see Note 1).

2. Anti-Kv3.1b antibody (Alomone Labs).
3. Phosphate-buffered saline (PBS).
4. Bovine serum albumin (BSA).
5. Sucrose.
6. Sodium azide (NaN3).
7. MicroFil non-metallic syringe needle (34 guage, 0.164 mm 

(outside diameter) × 0.1 mm (inside diameter) ).

19.2. Materials
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19.2.2. 
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 8. Plastic syringes (1 and 5 ml).
 9. Borosilicate filamented glass capillaries (1.2 mm (outside 

diameter) × 0.94 mm (inside diameter) ).
 10. Micropipette puller (Sutter P97).
 11. Data acquisition and analysis packages, Clampex and Clamp-

fit (both Molecular Devices).
 12. Upright microscope with differential interference contrast 

(DIC)  optics (Olympus UK).
 13. Axopatch-1D amplifier (Molecular Devices).
 14. CV-4 headstage (Molecular Devices).
 15. Digidata 1322 digitiser (Molecular devices).
 16. Burleigh manipulator (PCS 5000).

Note that all procedures were carried out in accordance with the 
UK Animals (Scientific Procedures) Act 1986 and the European 
Communities Council Directive (86/609/EEC) 1986.
 1. Terminally anaesthetise rats (15–21 days) with sodium 

pentobarbitone (Sagatal, 120 mg/kg, I.P.).
 2. Transcardially perfuse the animals with 50 ml of ice-cold 

sucrose aCSF.
 3. Remove the skull, take the brain out, and place in ice-cold 

sucrose aCSF that receives a continuous supply of mixed gas.
 4. Transect the brain at the level of the pons and remove the 

cerebellum allowing for isolation of the brainstem.
 5. Clean the brainstem of the remaining dura mater using fine 

forceps and immerse in warm agar (3% solution in aCSF) 
and place in ice to allow for rapid setting.

 6. Slice 300 µm sections of the embedded brainstem using a 
vibrating microtome (Campden Instruments) and transfer 
to a holding chamber containing normal aCSF at room tem-
perature. This holding chamber should receive a continuous 
flow of mixed gas (see Note 2).

1. Reconstitute the anti Kv3.1b antibody with water (buffer after 
reconstitution: PBS, pH 7.4, 1% BSA, 5% sucrose, 0.025% 
NaN3) into a stock concentration (300 µg/ml) and freeze 
until day of experiment (see Note 3).

2. Thaw out an aliquot (500 µl) of intracellular solution (see 
Note 1).

3. Filter this intracellular solution with a 0.22 µm syringe disc.

19.3. Methods

19.3.1. Brain Slice 
Preparation

19.3.2. Preparation of 
Intracellular Solution 
Containing Antibody
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 4. Add the antibody to this filtered aliquot of intracellular solu-
tion at the required dilution (1:1,000, see Note 3).

 5. Vortex this aliquot to ensure mixing of antibody and intra-
cellular solution.

 6. Fill a syringe with this new intracellular solution (includ-
ing antibody) and fill patch electrodes using a non-metallic 
syringe. Do not filter this solution.

Ultimately, when determining specific roles for individual ion 
channel subunits, you need to examine a likely parameter in which 
the channel protein potentially plays a role (e.g. action potentials). 
Since previous studies have postulated a role for Kv3 channels in 
action potential repolarisation (7, 8), we examined, using patch 
clamp studies, the effects of intracellular dialysis of single neu-
rones on the characteristics of their action potentials evoked in 
the current clamp mode (Fig. 19.1). Similar protocols have been 
used for other antibodies in various neuronal populations (9).
 1. Visualised patch clamp recording should be obtained using 

an upright microscope with DIC optics (Olympus UK).
 2. Initially target the region of interest, the nucleus of the soli-

tary tract (NTS) at ×10 magnification on the dorsal side of 
the brainstem slice, and visualise individual neurones at ×60 
magnification for the recordings (see Fig. 19.1a).

 3. Use an Axopatch-1D amplifier interfaced with a Digidata 
1322 digitiser in combination with the data acquisition 
package Clampex to acquire recordings.

 4. Initially mount the pipette onto a patch electrode holder 
connected to a CV-4 headstage and test the electrode resist-
ance and compensate for; following this adjust the offset to 
read 0 mV (see Note 4).

 5. Apply positive pressure to the electrode via a syringe before 
placing the electrode in the recording bath (see Note 5).

 6. View the electrode at ×10 magnification, then position over 
the region of interest, and lower to just above the surface of 
the slice using a Burleigh manipulator (PCS 5000).

 7. In voltage clamp mode a hyperpolarising pulse is applied 
(25 mV, 10 ms, 5 Hz); release the positive pressure via the 
syringe.

 8. Visualise the tip of the patch pipette at ×60 magnification and 
bring into contact with the somata of the neurone of choice.

 9. Following the initial formation of a seal, observed as a 
decrease in the current response to the voltage step, apply a 
holding potential of −60 mV. This enables the formation of 
a tight, high-resistance seal (>5 GΩ).

19.3.3. 
Electrophysiology
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 10. After formation of a seal, change to current clamp mode on the 
amplifier with a 50 pA hyperpolarising pulse and apply a small 
amount of holding current (∼−15 pA) to maintain cell stability.

 11. Apply a small amount of negative pressure to the patch 
pipette via the syringe until noticeable changes in input 
resistance and capacitance are observed consistent with the 
whole cell configuration.

 12. Low-pass filter the signal at 1 kHz and sample at 10 kHz.
 13. To characterise the neurones electrophysiologically, apply 

rectangular hyperpolarising current pulses (1s duration, −10 
to −90 pA) to the neurone at a holding potential of −60 mV 
and record the changes in voltage (see Note 6).

 14. To examine the firing properties of the neurones, apply depo-
larising current pulses (+10 to +300 pA). Consequently, meas-
urements of the action potential amplitude (from resting 
potential to peak) and the duration (from start of the rising 
phase to the onset of the afterhyperpolarisation (AHP) ) as well 
as the peak amplitude and duration of the AHP can be made 
offline using the Clampfit analysis package (see Fig. 19.1).

 15. Determine the functional consequences of the selective inhi-
bition of the ion channel by the antibody (see Notes 7–11).

 1. 100 ml of intracellular solution in 500 µl aliquots provides 
around a month’s supply depending on the number of 
experiments undertaken.

 2. Slices are best left for 1 h prior to beginning patch clamp 
recordings and are viable for at least 8 h after slicing.

 3. We found that the anti-Kv3.1b antibody was effective at a con-
centration of 0.3 µg/ml in the patch pipette. This may vary 
according to your antibody of choice (see Notes 7–11).

 4. The patch electrodes had a resistance of between 4 and 7 MΩ 
and a tip diameter of between 2 and 3 µm.

 5. Apply around 5 ml of positive pressure via a plastic syringe; 
this helps to keep the tip of the electrode clean and free from 
blockages.

 6. This allows you to produce a current vs. voltage plot for 
your recorded neurone.

  As with immunohistochemical procedures, the  interpretation 
of data obtained from use of antibodies in  electrophysiological 

19.4. Notes



Fig. 19.1. Modulation of potassium channel subunits using specific antibodies. (a) A cartoon 
of a transverse brainstem slice highlighting the regions utilised during these studies. Note 
we examine the effects of the anti-Kv3.1b antibody in three regions. Two areas that were 
known to express Kv3.1b (NTS and DCN) and one region (shaded  ) lacking Kv3.1b expression



 Modulation of Potassium Ion Channel Proteins Utilising Antibodies 253

experiments is reliant on the specificity or selectivity of the 
antibody used. Here we suggest some controls experiments 
that could validate the functional studies utilising antibodies 
in an electrophysiological setup:

 7. Is the antibody specific or selective for the target? This can 
be tested in several ways but is most commonly conducted 
by expressing the antigen in a cell line and staining these cell 
lines using the antibody; it would be expected that the cells 
transfected would stain positive, while a control, untrans-
fected line would not. Alternatively, if the distribution of the 
target is well known, it may be sufficient to examine the anti-
body staining in relevant tissue. Western blotting of target 
tissue should result in staining of bands at only the appro-
priate molecular weights. The predicted molecular weights 
can be obtained from databases such as Swiss Prot (http://
us.expasy.org/), but the protein may not match exactly due 
to post-translational events such as glycosylation and dim-
erisation. In addition, there is also the possibility that the 
antibody may detect another antigen that is of the same 
molecular weight as the target antigen (10).

 8. Staining tissue/electrophysiology in ‘knockout’ animals: 
perhaps the most secure approach is to immunohistochemi-
cally stain the tissue from animals in which the target anti-
gen has been deleted. Here, there should be normal staining 
in wild-type animals but no staining in the knockout tissue. 
One cautionary note is that depending on the nature of the 
knockout, a portion of the target may still be produced that 
will provide a staining signal. In most cases, such a truncated 
protein will not perform normally and so there are unlikely 
to be effects of a specific antibody when applied to the cells 
from these animals.

 9. Use a positive control neuronal population to functionally 
test your antibody of choice. It may be best to begin with 

Fig. 19.1. (continued) (DVN). (b1) Electrophysiological recording of an action potential 
taken from a cell within the DCN, a region containing the Kv3.1b subunit. Intracellular 
dialysis led to a time-dependent blockade of the Kv3.1b channel, the effects of which 
are listed in the right hand panel. (b2) Electrophysiological recording of an action poten-
tial taken from a cell within the NTS, a region containing the Kv3.1b subunit. Again 
we observed a time-dependent blockade of the channel, which led to an increase in 
both the action potential duration and the afterhyperpolarisation (AHP). (b3) Electro-
physiological recording of an action potential taken from a cell within the DVN, a region 
lacking the Kv3.1b subunit. Intracellular dialysis of the antibody did not lead to a pro-
longation of the action potential because of a lack of the relevant subunit to target. NTS, 
nucleus of the solitary tract; DCN, dorsal column nuclei; DVN, dorsal vagal nucleus; 
4-AP, 4-aminopyridine; Kv3.1b Ab, anti-Kv3.1b antibody.

http://us.expasy.org/
http://us.expasy.org/
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a neuronal population that is known to express the target, 
which could have been determined from the immunohisto-
chemical studies. In our studies we recorded action poten-
tials form cells within the dorsal column nuclei, previously 
identified as containing the Kv3.1b protein (see Fig. 19.1b). 
However, negative results could mean that the antibody 
approach does not work for that particular protein, but 
reduces the chances of false negatives when recording from a 
heterogeneous population. Another approach that has been 
used is to express the target in a cell line and determine the 
effects of the antibody on the expressed protein (11). One 
disadvantage is that the cell line may not contain all other 
proteins necessary to reconstruct the native protein’s inter-
actions with the possibility that a positive effect in cell lines 
may not be recreated in native cells because, e.g., the anti-
genic site is masked by interacting proteins.

 10. Is the action of the antibody in these cells specific to the 
antibody used or is there a non-specific interaction of any 
antibody with cellular machinery? The use of an antibody 
to an antigen that is not present in the cell has been applied 
in several studies (12). However, this control has also been 
approached in several other manners. In other studies, the 
antibody has been inactivated by heat, and this renders it 
non-functional (13). Another method that has been effec-
tive is to incubate the antibody with the immunogenic pep-
tide prior to application to neurones (14, 15). In each case, 
the desired result is that the observed action is present only 
when the binding of the antibody is maintained.

 11. Does the antibody affect cells that do not contain the anti-
gen? Again, this test may be conducted by expressing other 
proteins in cell lines and testing the antibody against these 
(11), but an advantage of neurones is that they contain a 
multitude of proteins in their native environment to test the 
antibody against. In our studies we examined the effect of 
the anti-Kv3.1b antibody on a region in the brainstem (the 
dorsal vagal nucleus) known to lack the Kv3.1b subunit (see 
Fig. 19.1).
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Chapter 20

Fluorescence-Based Tl+-Influx Assays as a Novel Approach 
for Characterization of Small-Conductance Ca2+-Activated 
K+ Channel Modulators

Susanne Jørgensen, Tina H. Johansen, and Tino Dyhring

Summary

Small-conductance Ca2+-activated potassium (SK) channels constitute a family of ion channels that are 
regulated by the cytosolic Ca2+ concentration. Increases in the intracellular Ca2+ concentration ([Ca2+]i) 
result in opening of the channels, which in turn will lead to changes in the membrane potential. As the 
name implies, the channels are of small conductance, but even so, they are known to play a crucial role in 
several physiological processes, such as modulation of neurotransmitter and hormone secretion, as well 
as memory and learning (e.g., see Curr Med Chem 14:1437–1457, 2007). Owing to the central role of 
SK channels, they have attracted much attention as potential drug targets, both with respect to identi-
fication of activators and blockers of SK channel activity for indications such as, e.g., epilepsy, pain, and 
urinary incontinence (see Curr Med Chem 14:1437–1457, 2007; Curr Pharm Des 12:397–406, 2006). 
Thus, great efforts have been put into the development of robust high-throughput assays for detec-
tion and characterization of modulators of SK channel activity. In the present chapter, we describe two 
fluorescence-based Tl+-influx assays for detection of positive and negative SK channel modulators.

Key words: Tl+-influx, BTC fluorescence, K+ channels, SK channel modulators.

Previously, K+ channels have been investigated using flux-based 
assays, such as 42K+ or 86Rb+ flux assays, which require handling 
of radioactive material and have a low throughput in addition to 
a poor temporal resolution. More recently, flux assays using cold 
Rb+ have been introduced, but the throughput and the temporal 
resolution still remain to be increased. At present, patch clamp 
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electrophysiology is the preferred technology when studying ion 
channels, but in spite of the introduction of automated patch 
clamp, the technology is still far from yielding a high throughput. 
However, an advantage to the techniques described above is that 
they all directly reflect channel activity. An alternative approach 
has been to use florescent dyes sensitive to membrane voltage 
(Vm). In contrast to the previously mentioned techniques, Vm-
sensitive fluorescent dyes give only an indirect measure of K+ 
channel activation and, in addition, the method does not dis-
criminate between the various charge carrying channels. Fluo-
rescent dyes that are directly affected by a given ion are well 
known and have been widely used, e.g., for measuring intrac-
ellular [Ca2+] (e.g., see ref. 3). A K+-sensitive fluorescent dye, 
potassium-binding benzofuran isophthalate (PBFI), also exists. 
However, the fact that it requires UV-excitation in addition to 
exhibiting a relatively low selectivity towards sodium (1.5×) has 
made it less attractive. More recently, a thallium (Tl+)-sensitive, 
fluorescence-based flux assay for detection and characterization 
of K+ channel activity was introduced (4). The assay technology is
amenable for high-throughput characterization of K+ channel activ-
ity and is applicable to a wide variety of K+ channels. We have also 
found that fluorescence-based Tl+-influx assays are applicable to a 
wide variety of K+ channels, including SK channels. In the present 
chapter we will describe our protocols for characterization of pos-
itive as well as negative modulators of hSK channel activity, and 
the potential pitfalls one may have to consider before and when 
setting up this type of assay.

1. Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% FCS.

2. Dulbecco’s Phosphate-buffered saline (PBS).
3. Trypsin/EDTA: 500-mg/L trypsin, 200-mg/L EDTA.
4. Poly-D-lysine dissolved at 10 µg/mL in PBS.

1. BTC-AM (benzothiazole coumarin acetoxymethyl ester, Inv-
itrogen) dissolved in 2 mM in DMSO.

2. Cl−-free assay buffer (in mM): 140 Na+ gluconate, 7.5 K+ glu-
conate, 6 Ca2+ gluconate, 1 Mg2+ gluconate, 10 HEPES, pH 
7.3 (adjusted with H3PO4).

3. Amaranth/tartrazine (Sigma-Aldrich) stock (10×): 100 mM 
amaranth, 50 mM tartrazine dissolved in Cl−-free assay buffer.

20.2. Materials

20.2.1. Cell Culture 
and Seeding

20.2.2. Dye Loading
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4. Loading buffer: Cl−-free assay buffer supplemented with ama-
ranth/tartrazine (final concentration 2 mM/1 mM), 2 µM 
BTC-AM and 2 µM ouabain. Ouabain is added in order to 
prevent any contribution from the Na+/K+-ATPase.

1. Test compounds are dissolved in 10 mM DMSO and diluted 
in Cl−-free assay buffer.

2. NS309 (5) was synthesized at NeuroSearch A/S (Ballerup, 
Denmark).

3. CyPPA (6) was synthesized at NeuroSearch A/S (Ballerup, 
Denmark).

4. NS8593 (7) was synthesized at NeuroSearch A/S (Ballerup, 
Denmark).

5. Ionomycin is dissolved in DMSO at a concentration of 1 mM 
and kept at −20°C in 100 µL aliquots until use.

6. ATP (adenosine 5´-triphosphate) is dissolved in H2O (18.2 
MΩ resistivity) at 30 mM and aliquoted and stored at −20°C 
until use.

7. Thallium stock (10×): 10 mM Tl2SO4 is dissolved in Cl−-free 
assay buffer at a concentration of 10 mM (see Note 1).

8. Cl−-free Tl+ buffer: Cl−-free assay buffer is supplemented with 
amaranth/tartrazine (final concentration 2 mM/1 mM) and 
Tl2SO4 at a final concentration at 1 mM (i.e., [Tl+] = 2 mM) 
(see Note 2).

9. We have used a fluorimetric imaging plate reader (FLIPR, MDS 
Analytical Technologies, Sunny Vale, CA, USA), but any 
fluorescence-based bottom reader with the correct filter settings 
(excitation: ~488 nm, emission: ~540 nm) should work.

As mentioned in ref. 4, it is well known that K+ channels are 
permeable to Tl+. In addition, the ability of Tl+ to interact with 
fluorophores has also been described previously (e.g., see ref. 8), 
but the use of Tl+ in biological assays has been limited, primarily 
because addition of Tl+ to a standard buffer will result in pre-
cipitation of TlCl, owing to the low solubility of the salt. How-
ever, TlCl precipitation can be overcome by using Tl2SO4 and 
replacing Cl− in the assay buffer with gluconate, as introduced 
by Weaver et al. (4), resulting in rapid and robust fluorescence-
based assays for detection of K+ channel activity. The fluorophore 
used in this assay, BTC-AM, is marketed as a low-affinity Ca2+ 

20.2.3. Compound 
Testing

20.3. Methods
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indicator (Kd ~7 µM), but was found also to be sensitive to Tl+ 
(see ref. 4; see also Note 3). One drawback of the method is that 
Tl+ salts are highly toxic to mammals (primarily because of its 
accumulation in especially liver, brain, and skeletal muscle) (U.S. 
Environmental Protection Agency), and should be handled with 
care and disposed of properly. However, it should be mentioned 
that we have found it relatively easy to establish a safe working 
procedure for handling thallium as well as waste disposal.

1. 384-well plates are coated using 15 µL per well of a poly-D-
lysine solution (10 µg/mL). After 30–60 min at room tem-
perature, the solution is aspirated, and the plates are kept at 
4°C until use.

2. The cells are grown in T175 culture flasks. On the day prior to 
the experiment, the cells are rinsed once with PBS, trypsinized, 
resuspended in DMEM supplemented with 10% FCS, and 
seeded in poly-D-lysine-coated 384-well plates at a density of 
~3 × 106 cells/mL in 20 µL per well. The plates are left over-
night at 37°C in a 5% CO2 incubator. As a rule of thumb, one 
confluent T175 flask will contain enough cells for five plates. 
In case the cells have a tendency to clump, it can be helpful to 
pass the cells through a 23G needle to break up cell clumps.

1. The cell plates are washed thrice in Cl−-free assay buffer (using 
an EMBLA plate washer (see Note 4) ). After washing, 25 µL 
of the loading buffer is added to each well (see Note 5). The 
cells are incubated for a minimum of 1 h at 37°C and subse-
quently transferred to the plate reader.

1. The test compounds are diluted in Cl−-free assay buffer.
2. The assay is run as a two-step protocol, in which the first step 

is addition of test compound (see Note 6).
3. The second step is addition of Cl−-free Tl+ buffer. For the nega-

tive control wells, the first step is addition of buffer, whereas 
the second step is addition of Cl−-free Tl+ buffer. The positive 
control wells are also subjected to buffer in the first step; how-
ever, in the second step, 1 µM of the Ca2+-ionophore ionomy-
cin diluted in Cl−-free Tl+ buffer is added (see Notes 7 and 8).

4. The fluorescence signal is followed over time, starting with a 
15 s baseline measurement and followed by addition of com-
pound (first step). After approximately 3 min, Cl−-free Tl+ 
buffer is added (second step), and fluorescence readings are 
continued for another 4 min.

5. The data obtained is background-corrected by subtraction of 
the averaged signal obtained in the negative control wells, and 
the maximum value obtained in each well is normalized to that 

20.3.1. Cell Handling 
and Seeding

20.3.2. Dye Loading

20.3.3. Detecting 
Positive SK 
Modulators
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of the averaged maximal positive control response (1 µM iono-
mycin) (see Note 8). An example is shown in Fig. 20.1, in which 
HEK293 cells expressing hSK1, hSK2, or hSK3, respectively, 

Fig. 20.1. Effect of positive modulators on hSK1, hSK2 and hSK3. In panel (a), the fluorescence signal from BTC-AM 
loaded HEK293 cells stably expressing hSK1, hSK2 or hSK3 channels, respectively, is followed over time. At the time 
indicated by the arrow, either NS309 (10 µM, full line), CyPPA (10 µM, dotted line, modified from ref. 6) or Ionomycin 
(1 µM, dashed line) is added. CyPPA selectively opens hSK2 and hSK3 channels, whereas NS309 causes opening of both 
hSK1, hSK2 and hSK3 channels, respectively, resulting in influx of Tl+, leading to increased BTC fluorescence. In contrast, 
Ionomycin activates the channels indirectly via an increase in [Ca2+]i, and is added as a positive control. The experiments 
are summarized in panels (b) and (c), which show the concentration–response curves for NS309 and CyPPA, respec-
tively, on the three cell lines, clearly demonstrating a subtype selectivity of CyPPA for hSK2 and hSK3 over hSK1 (panel 
(c), data modified from ref. 6 ).
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are stimulated with the positive IK/SK modulator, NS309 (5), 
or the SK2/SK3 selective positive modulator CyPPA (6).

1. As for detecting positive modulators of the hSK channels, the 
compounds to be tested for any negative modulatory effect on 
hSK3 are diluted in Cl−-free assay buffer.

2. The assay is run as a two-step protocol, in which the first step 
is addition of test compound (see Note 6).

3. The second step is addition of Cl−-free Tl+ buffer, in which a 
stimulus compound known to elevate [Ca2+]i has been diluted. 
We have used ATP, which elevates [Ca2+]i indirectly via acti-
vation of P2Y receptors endogenous to the HEK293 cells. It 
should be noted that a Ca2+-mobilizing agonist may be able 
to induce an increased Tl+-influx at concentrations where no 
global increases in [Ca2+]i can be detected. An example of this 
is shown in Fig. 20.2 (see Notes 8 and 9).

4. In the first step buffer is added to the negative control wells, 
and in the second step Cl−-free Tl+ buffer is added. The posi-
tive control wells are also subjected to buffer in the first addi-
tion, whereas in the second addition 100 µM ATP diluted in 
Cl−-free Tl+ buffer is added.

5. As in the positive modulator assay, the fluorescence signal is 
followed over time, starting with a 15 s baseline, followed by 
addition of the compound. After approximately 3 min, Cl−-
free Tl+ buffer containing 100 µM ATP is added, and fluores-
cence readings are continued for another 4 min.

20.3.4. Detecting 
Negative SK 
Modulators

Fig. 20.2. Effect of ATP on intracellular [Ca2+] and Tl+-influx. It shows concentration–response 
curves for the effect of ATP (100 pM–100 µM) on [Ca2+]i, measured using the Ca2+-sensitive dye 
Fluo-4, as well as on Tl+-influx in HEK293–hSK3 cells.
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6. The data obtained is background-corrected by subtraction of 
the averaged signal obtained in the negative control wells, and 
the maximum value obtained in each well is normalized to that 
of the averaged maximal positive control response (100 µM 
ATP in the absence of modulator). An example is shown in 
Fig. 20.3 (see Notes 8–10).

Fig. 20.3. Effect of NS 8593, a negative modulator of hSK3. In panel (a), the fluorescence 
signal from BTC-AM loaded HEK293–hSK3 cells is followed over time. At the time indi-
cated by the arrow, NS8593 (10 µM, dotted line) is added. Approximately 2 min later, 
a Tl+-containing stimulus buffer supplemented with 100-µM ATP is added, leading to 
an increase in Tl+-influx if no NS8593 is present (full line). However, in the presence of 
10-µM NS8593 (dotted line), the ATP-induced Tl+-influx is greatly reduced. In panel (b), 
the concentration–response curve for NS8593 on HEK293–hSK3 cells stimulated with 
100-µM ATP is shown, and the IC50 value was estimated at 1.9 µM.
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 1. It should be noted that the maximal solubility of Tl2SO4 is 
4.87 g/mL at 20°C.

 2. The Tl+ concentration should be optimized and set as low 
as possible, because of the toxicity of Tl salts, but still high 
enough to yield robust signals. It should be noted that K+ 
and Tl+ are competing, which means that if the K+:Tl+ ratio 
becomes too large, it will be difficult to detect any Tl+-influx 
through the K+ channels.

 3. The excitation spectrum of BTC is such that when excited 
at 488 nm, any increased binding of Ca2+ to BTC would lead 
to a decrease in fluorescence, which is the opposite of what is 
seen by increased Tl+-influx. Owing to its relatively high Kd 
value for Ca2+ (~7 µM), even large increases in intracellular 
[Ca2+] will only have a weak effect on BTC fluorescence at 
488 nm.

 4. Since the presence of residual Cl− in the wells will cause pre-
cipitation of TlCl at a later point in the assay, it is important 
that the cells are washed thoroughly.

 5. The cells are loaded with the fluorescent dye BTC-AM, 
which once inside the cell will be cleaved by intracellular 
esterases, thereby releasing the Tl+-sensitive BTC. In order 
to minimize any contribution from residual BTC-AM on the 
extracellular side, the quenchers amaranth and tartrazine are 
present in loading- as well as in Cl−-free Tl+ buffer.

 6. Since there is no Tl+ present to interact with the BTC fluo-
rescence at this point, channel opening cannot be detected. 
However, if the compounds have any optical effects, e.g., 
autofluorescence, it would be obvious at this point.

 7. Ideally, this maximal concentration of ionomycin should be 
added in the first addition; however, since ionomycin acti-
vates the hSK channels indirectly via an increase in [Ca2+]i, 
the Ca2+ surge will have peaked at the time of the second 
addition, and the degree of hSK activation induced by iono-
mycin will appear much smaller, and not truly reflect a close-
to-maximal channel activation. By adding ionomycin along 
with the Tl+, we hope to obtain a more reliable positive con-
trol response.

 8. [Ca2+]i is critical for the degree of activation of SK channels, 
but indeed very difficult to control in intact cells as used in 
this assay. Since the Ca2+-activation curve for SK channels is 
very steep (Hill coefficient 3.5 for rSK3, ref. 9), detection of 
SK modulators is complex and the choice of stimulus crucial. 
It should be mentioned that we have successfully applied 

20.4. Notes
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a variety of Ca2+-mobilizing agonists, such as acetylcholine 
(ACh), thapsigargin (TG), ionomycin, and A23187, and 
chosen to use what appeared to perform best in each assay.

 9. From Fig. 20.2 it is seen that the effect of ATP on [Ca2+]
i is very modest (EC50 and maximal increase in [Ca2+]i is 
10.5 µM and 15% of the response induced by 1 µM ionomy-
cin). This can be explained by the fact the [Ca2+]i is measured 
under the same experimental conditions as when measur-
ing Tl+-influx, i.e., in a Cl−-free assay buffer, which we have 
found to affect the Ca2+ signaling. The effect of ATP on Tl+ 
appears much more pronounced (EC50 and maximal increase 
in Tl+-influx is 5.1 µM and 78% of the response induced by 
1 µM ionomycin) and is obvious at concentrations that do 
not induce any detectable increase in [Ca2+]i. However, 
that does not exclude local increases in [Ca2+]i at the plasma 
membrane, i.e., in close proximity to the channel, from tak-
ing place. Another possibility is that SK channels may be 
more sensitive to increases in [Ca2+]i than the applied Ca2+-
sensitive dye. This indicates that local increases in [Ca2+]i, 
which remain undetectable in our assay, may be capable of 
opening the hSK3 channel, thereby making it even more 
difficult to control [Ca2+]i in these types of assays. Since the 
[Ca2+]i levels are crucial for the degree of activation of the 
hSK channels, it can be very difficult – if not impossible – 
to make sure that the potential negative modulators to be 
tested are actually exposed to the same degree of channel 
activation, thus making the assay less robust and therefore 
less useful for identifying negative modulators.

 10. The effect of a negative modulator of SK in this assay strongly 
depends on the degree of channel activation, which in turn is 
determined by the intracellular [Ca2+]. Positive modulators 
of SK are added to unstimulated cells presumed to have a 
more or less stable resting [Ca2+]i. However, in this type of 
assay, we are unable to control the intracellular [Ca2+] levels, 
which makes it complex to characterize positive SK modu-
lators. It should be mentioned that for CyPPA we found 
an excellent correlation between electrophysiological data 
(inside-out patch clamp) and data obtained using the Tl+-
influx assay, where the EC50 values for the effect of CyPPA 
on hSK3 were estimated at 5.6 ± 1.6 and 4.3 ± 1.0 µM 
(6), respectively. The effect of a negative SK modulator is 
detected on cells stimulated with a Ca2+-mobilizing agonist, 
and the size and temporal distribution of such an increase in 
[Ca2+]i makes it even more complicated to detect negative 
modulators of SK channels. Strong negative modulators will 
most likely be detected, but their potencies may be underes-
timated compared to, e.g., electrophysiological assays. This 
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could very well be the case for NS8593, where Strøbæk et 
al. (7) estimated the IC50 value at 91 nM, using whole-cell 
electrophysiology on HEK293–hSK3 cells, whereas, when 
using the Tl+-influx assay on the same cell line, we found an 
IC50 value of 1.92 µM (see Fig. 20.3b).
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Chapter 21

Rubidium Efflux as a Tool for the Pharmacological 
Characterisation of Compounds with BK Channel 
Opening Properties

Neil G. McKay, Robert W. Kirby, and Kim Lawson

Summary

This chapter describes a method of assaying rubidium (Rb+) efflux as a measure of potassium channel 
activity. In this assay, rubidium acts as a tracer for potassium movement across the cell membrane. HEK 
293 cells expressing the alpha subunit of the human brain large-conductance, voltage-activated, calcium-
sensitive potassium channel (BK channel) are loaded with Rb+, washed, and then incubated under experi-
mental conditions. The cell supernatant is removed, and the remaining cell monolayer lysed. These two 
samples contain Rb+ that has moved out of the cell and Rb+ that remains in the cell, respectively. Meas-
urement of the Rb+ content of these samples by flame atomic absorption spectrometry allows calculation 
of the percentage Rb+ efflux and, depending on the experimental design, provides pharmacological data 
about the control and test compounds used. In this chapter, we describe the protocol and steps for opti-
misation and illustrate this with data obtained using NS1619, a well-characterised BK channel opener.

Key words: Potassium channels, BK channel; Rubidium efflux, Atomic absorption spectrometry, 
Channel openers, Small molecules, Drug discovery.

In the past decade, advances in understanding the physiology and 
the pathophysiology of ion channel function have made them 
attractive therapeutic targets in numerous diseases (1, 2). Elec-
trophysiology remains the gold standard technique for measur-
ing biophysical characteristics of ion channel function (3–5) but 
despite advances in automation remains labour intensive and 
highly specialised. Measurement of Rb+ efflux offers a robust, 

21.1. Introduction
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reproducible, and informative method of assessing potassium 
channel activity. Traditionally, Rb+ efflux measurement has been 
carried out using the radioactive isotope 86Rb as a tracer of potas-
sium ion movement. On the basis of the method of Terstap-
pen (6), and incorporating an auto-sampler coupled to atomic 
absorption spectrometry (AAS), we have developed a medium-
throughput, non-radioactive method for qualitative and quanti-
tative determination of Rb+ efflux in order to assess the properties 
of novel compounds with potential large-conductance, voltage-
activated, calcium-sensitive potassium channel (BK channel) 
opening properties.

AAS has long been used for the assessment of trace metals in 
environmental and biological samples owing to its relative sim-
plicity, precision, and specificity in the analysis of a selected ana-
lyte (7). The principle of flame-AAS is that the sample is atomised 
and sprayed into a flame, and the thermal energy generates free 
ground-state atoms that absorb light of a particular wavelength 
(in the case of Rb+ this wavelength is 780.1 nm). The measured 
absorption of the sample is directly proportional to the concen-
tration of the analyte in the sample and the concentration can 
be determined from a standard curve constructed by flame-AAS 
analysis of known amounts of the analyte.

The method described has proved useful for screening com-
pounds thought to have modulating effects on BK channel activ-
ity, is low cost, and is relatively easy to perform. We have used this 
assay to examine the BK channel opening properties of several 
novel compounds and have generated pharmacological data that 
correlate well with that obtained by electrophysiology for the 
same compounds. The assay described is easily modified for most 
AAS systems as well as for different cell lines and tissues.

 1. Dulbecco’s Minimal Essential Media (DMEM) supple-
mented with 10% foetal calf serum (FCS) (both Invitrogen, 
UK). Store at 4°C.

 2. Trypsin/EDTA solution: 0.25% trypsin, 1 mM EDTA (Inv-
itrogen, UK). Dispense into 2 mL aliquots under sterile con-
ditions and store at −20°C.

 3. Phosphate-buffered saline (PBS), calcium and magnesium 
free (Invitrogen, UK). Store at 4°C.

 1. Rubidium buffer solution (RBS): 5.4 mM RbCl, 150 mM 
NaCl, 1 mM MgCl2, 0.8 mM NaH2PO4, 2 mM CaCl2, 
25 mM HEPES, and 5 mM glucose, pH 7.2. Store at 4°C.

21.2. Materials

21.2.1. Cell Culture

21.2.2. Rubidium 
Standard Solutions 
and Buffers
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 2. Potassium buffer solution (KBS): 5.4 mM KCl, 150 mM 
NaCl, 1 mM MgCl2, 0.8 mM NaH2PO4, 2 mM CaCl2, 
25 mM HEPES, and 5 mM glucose, pH 7.2. Store at 4°C.

 3. Triton X-100 lysis solution: 0.1% (v/v) Triton X-100 in 
potassium buffer solution (KBS). Store at 4°C.

 4. Rubidium chloride (RbCl) stock solution: 1 mM RbCl in 
KBS. Store at 4°C.

Our instrumentation consisted of an S-series atomic absorption 
spectrometer (AAS) coupled to a Gilson 222XL auto-sampler 
(Thermo Scientific, Hemel Hempsted, UK). A DELL PC and the 
SOLAAR software suite of applications controlled the AAS. The 
protocol described can easily be adapted to other AAS systems.

The basic procedure for carrying out the efflux assay is straight-
forward but will require a number of optimisation steps, which 
are detailed in the notes section.

Human embryonic kidney (HEK 293) cells stably expressing the 
alpha subunit of the human brain BK channel (8) were cultured 
in a 37°C, humidified atmosphere containing 5% CO2. Cells were 
cultured in flasks with a growth surface of 75 cm2. Upon reach-
ing >90% confluence, cells were passaged onto 96-well plates in 
preparation for the Rb+ efflux assay as follows.
 1. Upon >90% confluent cell growth, pour off the spent cul-

ture media.
 2. Add 10 mL of PBS to the flask and rinse the cell monolayer 

by rocking the flask from side to side taking care to ensure 
complete coverage of the cell monolayer with PBS. Pour off 
the PBS solution.

 3. Add 2 mL of trypsin/EDTA solution, ensuring it covers the 
cell monolayer.

 4. Return the flask to the cell culture incubator and incubate 
for 2 min.

 5. Remove the flask from the incubator and tap the flask on a 
hard surface (e.g. the surface of the bench) to dislodge the 
cells from the growth surface of the flask. Examine the flask 
under a microscope to ensure complete dissociation of the 
cells (return the flask to the incubator for a further 2 min and 
repeat this step if required).

21.2.3. Flame Atomic 
Absorption 
Spectrometry

21.3. Methods

21.3.1. Cell Culture
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 6. Add 8 mL of DMEM, supplemented with 10% FCS, to the 
flask to inactivate the trypsin solution and give a final vol-
ume of 10 mL cell suspension.

 7. If continuing to culture the cell lines, seed a new 75 cm2 cell 
culture flask at a 1:10 dilution (by growth surface) by adding 
1 mL of the cell suspension to 25 mL of fresh DMEM sup-
plemented with 10% FCS and culture as before until >90%.

 8. Using a Bright-Line haemoacytometer, count the number 
of cells/mL in the remaining cell suspension and prepare 
20 mL of a cell suspension containing 100,000 cells/mL.

 9. Seed a 96-well cell culture plate with 20,000 cells per well 
by adding 200 µL of the 100,000 cells/mL cell suspension 
prepared in step 8 to each well.

 10. Culture for 48 h prior to Rb+ efflux experiments.

 1. Prepare a fresh stock of RBS (see Note 1). Store this solution at 
4°C until needed.

 2. Prepare a fresh stock of KBS. Store this solution at 4°C until 
needed.

 3. Prepare a fresh 1 mM stock solution of RbCl in KBS.
 4. From this stock solution prepare standard RbCl solutions 

(1–100 µM) by dilution in KBS solution in 100 mL volu-
metric flasks.

 5. Store the standard solutions at 4°C until needed. The pre-
pared standards are used to construct the Rb+ standard 
curves and for internal validation of the AAS instrument.

 1. Prepare stock solutions of any control and test compounds 
by dissolving the compound in an appropriate solvent, e.g. 
NS1619, in dimethylsulfoxide (DMSO). Dilute the stock 
solution with KBS to obtain the required concentration of 
opener for efflux experiments.

 2. Prepare enough of each control and test compound for the 
number of replicate wells. Each well requires a minimum of 
200 µL of solution.

 3. The preparation of control and test compounds should be 
carried out towards the end of the optimum loading period 
(see Note 2) immediately before incubation with the cells.

The set-up and calibration assumes the use of an S-series AAS 
coupled to a Gilson 222XL auto-sampler and the SOLAAR soft-
ware suite of applications, but the set-up steps will be similar for 
most AAS instruments.

21.3.2. Preparation of 
Solutions, Buffers, and 
Test Compounds

21.3.2.1. Preparation of 
Buffers and Rb+ Standard 
Solutions

21.3.2.2. Preparation of 
Test Compounds

21.3.3. Rubidium 
Efflux Assay
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 1. Ensure that the instrument burner, nebuliser port, needle, 
and associated tubing are clean. If necessary, separate and 
clean them by blowing compressed air through them.

 2. Clean the nebuliser port and burner slit with a metal wire.
 3. Turn on the gas and air supplies to the flame-AAS and then 

switch on the flame-AAS instrument and the associated PC 
running the SOLAAR analysis software.

 4. Ignite the flame and allow the AAS to warm up for 20 min 
with the Rb+ hollow cathode lamp on and the instrument 
aspirating deionised water.

 5. Optimise the optical system and warm up the photomulti-
plier tube and the lamp.

 6. Pipette the standard solutions prepared in Subheading 
21.3.2.1 into clean tubes and place in the sampler rack in 
the desired orientation.

 7. Pipette 300 µL of each standard solution into the wells of 
the first row of a clean 96-well plate.

 8. Construct a calibration curve from the readings for the 
standard solutions (Fig. 21.1) in the tubes (step 6 above) 
and measure the absorption of the standards in the 96-well 
plate (step 7 above). Comparison of these standard curves 
will indicate correct calibration and internal validation if the 
points on the curves overlap.

 1. Using an 8- or 12-channel multi-pipette, carefully remove 
the culture medium from each well of a 96-well plate seeded 
and cultured as above (see Subheading 21.3.1).

21.3.3.2. Rubidium Efflux 
Assay of BK Channel 
Openers

21.3.3.1 Flame Atomic 
Absorption Spectrometry: 
Set-Up and Calibration

Fig. 21.1. Rubidium standard calibration curve. Rubidium standards were prepared in 
potassium buffer solution (KBS) and absorbance values determined by AAS at a wave-
length of 780.1 nm. Data are shown as the mean absorbance value from replicate 
standards ± SEM, n = 3. Linear regression analysis of the data yields a correlation 
coefficient of r2 = 0.998.
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 2. Rinse the cell monolayer by addition and removal of 200 µL 
PBS.

 3. Add 200 µL of RBS to each well and incubate in a cell cul-
ture incubator for the determined optimal loading time (see 
Note 2).

 4. Remove the RBS and rinse four times with PBS (see Note 3).
 5. Add 200 µL of KBS containing the required concentration 

of test compound (prepared in step 21.3.2.2 above) to rep-
licate wells and incubate for the required time (see Note 4).

 6. Collect paired samples of supernatant and lysate from each 
experimental well as follows, taking care to preserve the plate 
layout (see Note 5).

 7. Remove the supernatant and transfer it to the corresponding 
well of a fresh 96-well plate (supernatant plate; extracellular 
Rb+ samples).

 8. Add 200 µL Triton X-100 lysis solution to the original well 
(containing the cells) to obtain the cell lysate (lysate plate: 
intracellular Rb+ sample).

 1. Adjust the sample volume in each well to 300 µL by adding 
100 µL of KBS to each well of both paired plates (superna-
tant samples that have been removed and transferred into 
the corresponding wells of a fresh 96-well plate (supernatant 
plate) ) and the lysate samples in the wells of the original 
plate.

 2. Place the paired sample plates (supernatant and lysate plates) 
on the auto-sampler in the same orientation, i.e., the order 
of each sample analysed from each plate will be paired.

 3. Prepare fresh Rb+ standards and construct a standard curve 
from the standard tubes as before.

 4. Analyse the sample plates. Each sample is nebulised into the 
flame for 1 s prior to recording the absorption for a further 
1 s, and the average absorbance value is recorded during this 
time (see Note 6).

 5. A wash time of 10 s with distilled water between samples is 
required to ensure that the needle of the auto-sampler is clean 
and does not carryover sample between wells (see Note 6).

 6. Construct a second standard curve from the standard tubes 
at the end of the analysis. The initial curve (step 3 above) 
and this final curve should overlap, which ensures consist-
ency during each run.

 7. The Rb+ measurements from the lysate plate are the intrac-
ellular Rb+ concentration, and the measurements from the 
supernatant plate the extracellular Rb+ measurements. Cal-
culate the Rb+ efflux using the following equation:

21.3.3.3. Analysis of 
Samples by Flame-AAS
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 +
(Extracellular)

+ +
(Extracellular) (Intracellular)

[Rb ]
%Efflux = × 100

[Rb ] +[Rb ]

 8. Depending on the experimental design (see Note 7), plot-
ting the Rb+ efflux under each incubation condition will 
generate a variety of pharmacological data. The protocol can 
be developed to allow concentration range effect analysis to 
determine comparator parameters. Such data analysis ena-
bles the construction of concentration–response curves (Fig. 
21.2), and determination of maximal effective efflux (Emax), 
effective concentration to evoke a defined response (ECx), 
and the Hill plot, an indicator of site-binding co-operativity 
(Fig. 21.3).

Fig. 21.2. The effect of NS1619 on Rb+ efflux. HEK 293 cells expressing the alpha subu-
nit of BK channels were grown on 96-well culture dishes, washed with PBS, and incu-
bated with rubidium buffer solution (RBS). Following Rb+ loading, the cells were washed 
four times and incubated with KBS containing selected concentrations of NS1619. Rb+ 
efflux was determined after 10-min exposure to NS1619 and the percentage increase 
in Rb+ efflux above basal levels calculated and plotted. Data are shown as mean ± SEM, 
n = 24.

Fig. 21.3. Pharmacological parameters of NS1619 determined by Rb+ efflux. The potency (EC40%) is defined as the con-
centration of compound required to increase Rb+ efflux above baseline by 40%, and efficacy (Emax) is defined as the 
maximum increase in activated efflux determined from Fig. 21.2 for NS1619. Data are shown as mean ± SEM, n = 24.
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 1. All solutions are prepared using distilled, deionised water 
with a resistivity of 18 MΩ/cm and prepared using good-
quality, clean glassware suitable for analytical standard prep-
aration.

 2. Rb+ enters the cells via the same routes as potassium until 
equilibrium is reached. It is necessary to determine the opti-
mal loading time for each cell line used and this is easily 
done as follows. Using an 8- or 12-channel multi-pipette, 
carefully remove the culture medium from each well of a 
96-well plate seeded and cultured as in Subheading 21.3.1 
and rinse the cell monolayer immediately by addition and 
removal of 200 µL PBS. Add 200 µL of RBS to each well and 
incubate in a cell culture incubator as before. To determine 
optimal loading of Rb+, collect replicate lysate samples for 
analysis of intracellular Rb+ at hourly intervals from 1 to 6 h 
by harvesting complete rows of 8 or 12 wells. Remove the 
RBS and rinse each row of cells to be harvested four times 
with 200 µL PBS to remove extracellular Rb+ (see Note 4). 
Following removal of the fourth wash from the cells to be 
harvested, add 200 µL of Triton X-100 cell lysis solution to 
the each well to obtain the cell lysate (intracellular Rb+ sample). 
Analyse the lysate samples by flame-AAS (see Subheading 
21.3.3.2 above) to determine the Rb+ content. Plotting the 
intracellular Rb+ concentration against time will indicate the 
optimal loading time (Fig. 21.4).

 3. Once the cells have been loaded, it is important to remove all 
extracellular Rb+ prior to the efflux experiments. Failure to 
do so will cause the measured efflux values to be artificially 
high due to elevated Rb+ concentrations in the supernatant 
sample. Washing the cell monolayer with PBS repeatedly will 
accomplish this, and we have found that four washes are suf-
ficient to remove extracellular Rb+ effectively and sub-
sequent washes do not remove significantly more Rb+ from 
the surface of the cell (Fig. 21.5). It is important to wash the 
cells rapidly but gently: rapidly so that the loaded Rb+ does 
not naturally efflux out (particularly if the basal Rb+ efflux 
is high) and gently so as not to dislodge the cells (which 
will lead to artificially high Rb+ efflux values by reducing the 
amount of cell lysate).

 4. Potassium channel activity is regulated by several mechanisms 
within the cell with the result that a basal efflux level will 
exist in all cells. It is important to determine the basal Rb+ 
efflux in each cell line used so that Rb+ efflux measurements 
can be made during a period of stable basal efflux. This will 

21.4. Notes
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Fig. 21.4. Rubidium loading curve. HEK 293 cells expressing the alpha subunit of BK 
channel were grown on 96-well culture dishes, washed with PBS, and incubated with 
rubidium buffer solution (RBS). At selected time intervals, the RBS was removed and 
the cells washed four times with PBS before lysis with 0.1% (v/v) Triton-X100 in PBS. 
The Rb+ concentration of cell lysates, expressed as mean ± SEM, n = 24, were plotted 
against incubation time.

Fig. 21.5. The effect of removal of extracellular rubidium on rubidium efflux values. 
HEK 293 cells expressing the alpha subunit of BK channel were grown on 96-well 
culture dishes, washed with PBS, and incubated with rubidium buffer solution (RBS) 
for 4 h. The Rb+ efflux was determined after 1–5 washes. Data are shown as mean 
± SEM, n = 24.
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ensure that the measurements of Rb+ efflux are due to the 
compounds being studied and not a result of natural leak-
age from the cells. This can be done as follows. Incubate the 
cells with RBS for the pre-determined optimal time and then 
remove the RBS and rinse four times with PBS. Add 200 µL 
KBS to each well and incubate in a cell culture incubator. 
Collect replicate samples at the desired time points to con-
struct an efflux time course, e.g. 5 min intervals. Analyse the 
supernatant and lysate samples by flame-AAS to determine 
the extracellular and intracellular Rb+ content, respectively. 
Calculate the % Rb+ efflux from the equation in Subheading 
21.3.3.3, step 7. Plotting % Rb+ efflux vs. time will indi-
cate the basal efflux level and its stability over the incubation 
period (Fig. 21.6).

 5. The cells are plated on 96-well culture plates (the original 
plate). Once the cells have grown to the required confluence 
and have been washed and loaded with Rb+, control or test 
compounds are added to the wells of the 96-well plate and 
incubated under the desired conditions. Following this incu-
bation, the supernatant (containing any extracellular Rb+) 
is transferred to the corresponding wells of a fresh 96-well 
plate (the supernatant plate). The cells remain in the wells 
of the original plate and are lysed to obtain the cell lysate 
sample (containing any intracellular Rb+). The cell lysates 

Fig. 21.6. Determination of basal rubidium efflux. HEK 293 cells expressing the alpha 
subunit of BK channel were grown on 96-well culture dishes, washed with PBS and 
incubated with rubidium buffer solution (RBS). Following Rb+ loading the cells were 
washed four times and incubated with KBS. At regular time intervals the supernatant 
was removed from selected wells for analysis to determine the extracellular Rb+ con-
centration and the corresponding cell lysate analysed to determine the intracellular Rb+ 
concentration. Efflux values were calculated and the basal efflux plotted against time. 
Data are shown as mean ± SEM, n = 32.
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can be assayed directly from this plate and do not need to 
be transferred to a fresh plate. In effect, at the completion of 
the experiment the original 96-well plate has become the cell 
lysate sample plate and a corresponding supernatant sample 
plate is prepared. The two 96-well plates will contain paired 
supernatant and cell lysate samples in the corresponding 
wells, thus preserving the plate layout; e.g., removing the 
supernatant from well A1 of the original plate into well A1 
of a fresh plate will mean that once the cells in well A1 of the 
original plate are lysed the paired supernatant sample is in 
the corresponding A1 well of the supernatant plate.

 6. The settings described have been optimised for the assay and 
instrument used. These will need to be determined empiri-
cally for each individual system used but should provide an 
initial reference point.

 7. Experimental design can be extended to confirm the iden-
tity of channels involved in alterations to Rb+ efflux by use 
of specific pharmacological tools, which allow opener/
blocker interaction studies, e.g., iberiotoxin, which prevents 
increased Rb+ efflux in response to NS1619.
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Chapter 22

Recording hERG Potassium Currents and Assessing 
the Effects of Compounds Using the Whole-Cell 
Patch-Clamp Technique

Ray M. Helliwell

Summary

The complex gating of the hERG channel makes it ideally suited to its principal role in controlling phase 
3 repolarization of the cardiac ventricular action potential. Any abnormal delay in repolarization can lead 
to the re-activation of Ca2+ channels, giving rise to early after-depolarizations, and coupled with increased 
cardiac dispersion, typically associated with these delays, provides respectively both the trigger and sub-
strate for the potentially life threatening arrhythmia Torsardes de Pointes (TdP). Owing to the funda-
mental role of hERG in controlling the duration of the cardiac action potential, it is not surprising that 
any drugs that potently and selectively block this channel are liable to  have these effects.  Consequently, 
much effort has been expended in developing standard voltage protocols to reliably assess the effects of 
compounds on hERG currents in vitro. This chapter describes how to record hERG currents in a recom-
binant cell line using the whole-cell patch-clamp technique. It also provides typical voltage protocols 
used for assessing the basic electrophysiological properties of these currents and for assessing the effects 
of compounds on hERG tail currents.

Key words: hERG; Patch-clamp, Ion channels, Safety pharmacology, long QT.

The role of hERG K+ channels in ventricular cardiac repolariza-
tion and the fact that a diverse array of drugs can block this chan-
nel, leading to lengthening of the QT interval and the potentially 
fatal tachyarrhythmia Torsades des Pointes (TdP), are now well 
documented (1, 2). The consequences for the pharmaceutical 
industry have been severe, as, in the light of this, a number of 
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high-revenue drugs were withdrawn from the market and other 
promising drugs in development had to be abandoned because 
of their hERG liability (3). A particularly troubling time for such 
companies was in the mid- to late 1990s when the link between 
hERG block and the rare cases of TdP reported in the clinic 
became so compelling (4).

Subsequently, a variety of approaches have been adopted to 
understand this relationship and the nature of drug interaction 
with the hERG channel, from high-throughput hERG screens 
(5–8), mutagenesis studies (9, 10), in silico modelling (11–13), 
trafficking assays (14, 15) to the development of sophisticated 
pro-arrhythmia models (16–19). The use of patch-clamp electro-
physiology with recombinant cell lines that over-express hERG 
or other cardiac ion channels has played an important role in 
many of these approaches and will no doubt continue to do so.

This chapter restricts itself to the practical methods used 
to record these currents and to the establishment of the basic 
biophysical and pharmacological properties. While the conven-
tional micropipette-based patch-clamp technique is described, 
the experimental protocols apply equally to automated planar 
patch-clamp platforms. A particularly useful review that covers 
some additional aspects of recording hERG currents should also 
be consulted (20).

 

 1. Phosphate buffered saline (Invitrogen).
 2. Trypsin/EDTA solution (Invitrogen).
 3. HEK293 cell line robustly expressing hERG (e.g. Millipore 

PrecisION hERG cell line).
 4. Culture medium: D-MEM/F-12 with L-glutamine (Inv-

itrogen), 10% foetal bovine serum (Invitrogen), 1% non-
essential amino acids (Invitrogen), selection antibiotic (e.g. 
400 µg/mL G418).

Solutions used typically approximate to ‘physiological’ ionic com-
position and concentration.
 1. External solution: 137 mM NaCl, 4 mM KCl, 4; 1 mM 

MgCl2, 1.8 mM CaCl2, 10 mM HEPES, 10 mM glucose, pH 
7.3 with 10 M NaOH.

 2. Internal solution: 140 mM KCl, 2 mM MgCl2, 10 mM HEPES, 
10 mM EGTA, 5 mM Mg2ATP, pH 7.2 with 10 M KOH.

22.2. Materials

22.2.1. Cell Culture

22.2.2. Solutions for 
Patch-Clamp 
Electrophysiology
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 1. Patch-clamp amplifier: many are computer-controlled with 
proprietary software and connected to computer via an ana-
logue–digital interface.

 2. Personal Computer: typical specifications are Pentium 4 
processor, 1 GB RAM, 20 GB hard disk, 19″ colour moni-
tor, software OS Windows 2000/XP.

 3. Software: Computer-controlled amplifiers are supplied with 
their own software although additional modules are fre-
quently required. Additional software such as Microcal Ori-
gin is also required for further data analysis and preparation 
of figures for publication.

 4. Vibration isolation table and Faraday cage.
 5. Inverted microscope equipped with a low- (×10) and high-

power objectives (×40), and piezo-drive/hydraulic manipu-
lators.

 6. Oscilloscope for the continuous monitoring of signals.
 7. Gravity-feed perfusion system, recording chamber that can 

accommodate coverslips with cells, and a vacuum source 
with a bottle trap to remove solution from the bath.

 8. Patch pipette puller.
 9. Borosilicate capillary glass (1.5 mm o.d./0.9 mm i.d.).
10. Tubing of various diameters.
11. Ag/AgCl2 pellets (Warner Instruments).
12. Ag wire.
13. Syringe (1 mL).
14. Microfil filaments.

Cells should be maintained in the log phase of growth and at a 
maximum of 70% confluence prior to use for experimentation. 
All reagents should be pre-warmed to 37°C before use.
 1. Decant the spent media from a T 25 cm flask (30–70% con-

fluent).
 2. Add 2 mL of PBS and rock the flask gently to rinse the cell 

sheet. Decant PBS.
 3. Add 2 mL of Trypsin/EDTA and rock the flask gently to 

cover the cell sheet; decant most of the excess solution.
 4. Incubate for 2–3 min at 37°C and tap the flask to dislodge cells.

22.2.3. Patch-Clamp 
Electrophysiology

22.3. Methods

22.3.1. Preparation 
of Cells for Whole-Cell 
Recording
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5. During the incubation, prepare dishes with coverslips; place 
approximately six 5 × 0.15 mm glass coverslips in a 35-mm 
Petri dish, and store in a 95-mm Petri dish.

6. Add 5 mL complete media to the flask, triturate to form a 
homogenous cell suspension.

7. Pipette 2.5 ml of this suspension into the coverslips in the 
35-mm Petri dish.

8. Place at 37°C for 1 h to allow the cells to adhere.

1. Make up sufficient external solution for the day’s experiment 
(1–2 L is usually enough).

2. Make up 100 mL of the internal solution, omitting the 
Mg2ATP, and store in 1 mL aliquots in eppendorf tubes at 
−20°C. An aliquot can be defrosted as required on the day of 
experimentation.

3. Mg2ATP is made up separately as a 100 mM stock in distilled 
water and stored in 50 µL aliquots at −20°C.

4. Take a 1 mL aliquot of internal solution and add it to a 50 µL 
aliquot of Mg2ATP and mix thoroughly.

5. Draw the solution up into a 1 mL syringe and attach a Micro-
fil™ filament to the end. Store on ice.

Prior to performing the step-by-step instructions below, ensure 
that all equipment described in Subheading 22.2.3 is config-
ured correctly, line (mains) noise minimized, and the patch-clamp 
amplifier calibrated according to the manufacturer’s instructions. 
A detailed description of many of the finer points of patch-clamp 
set-up and implementation can be found in refs. 21–23.

1. Pull glass-recording electrodes according to pipette puller 
instructions (see Note 1).

2. Connect all tubing from gravity feed reservoirs to the mani-
fold that leads to the bath. Fill all gravity feed reservoirs with 
external and drug solutions and ensure a smooth, uninter-
rupted flow from the external solution reservoir through into 
the bath and out via vacuum suction (see Note 2).

3. Switch the valves to each drug solution reservoir in turn ensur-
ing that the flow is minimally interrupted and there are no air 
bubbles. Switch back to external solution.

4. Place a Ag/AgCl2 pellet in the bath and connect to the head-
stage of the amplifier (see Note 3).

5. Place a coverslip with adherent cells on the surface into the 
bath. Locate a desirable cell using the ×10 objective (see 
Note 4).

22.3.2. Solution 
Preparation

22.3.3. Whole-Cell 
Patch-Clamp

22.3.3.1. Standard 
Recording Procedure
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 6. Fill a glass electrode with pipette solution using the 1 mL 
syringe connected to the Microfil™ filament (see Note 5).

 7. Attach the glass electrode to the electrode holder and con-
nect the assembly to the amplifier headstage mounted on the 
manipulator, making sure the Ag/AgCl2 wire in the holder 
is in contact with pipette solution within the electrode.

 8. Ensure that the tubing is connected to the side-port of the 
holder (see Note 6).

 9. Align the electrode over the bath and advance it into the 
solution using the coarse controls on the manipulator.

 10. Once in the bath, use the computer-controlled amplifier 
controls and adjust the gain settings to observe the current 
in the oscilloscope window on the computer monitor (see 
Note 7).

 11. For ensuring that the electrode and ground are at more or less 
the same potential, cancel the voltage offset using the ampli-
fier software. The recorded current should now be close to 
zero and the offset voltage required to keep it there registered 
as Voffset (see Note 8).

 12. Apply a 1–2 mV voltage step. This will cause a proportion-
ate step change in the current level so that the resistance of 
the electrode can be measured according to Ohm’s law. For 
whole-cell recording the resistance should be 3–5 MΩ (see 
Note 9).

 13. Locate the tip of the electrode under the microscope using 
the ×10 objective by focusing above the plane of the cells. 
Once the tip is in focus, advance the electrode downwards 
towards the cell using the coarse controls of the manipula-
tor, while simultaneously moving the objective to keep the 
tip in focus.

 14. When directly over the cell, switch to the ×40 objective and 
use the fine controls of the manipulator to approach the sur-
face of the cell in small steps while continuously monitoring 
the electrode resistance using the 1–2 mV steps.

 15. When the electrode just touches the cell, a slight increase in 
resistance will be registered.

 16. Carefully advance the tip still further until the resistance 
increases by 1/3–2/3. Stop moving the electrode and apply 
gentle suction through the side-port of the electrode holder 
to form a gigaohm seal (see Note 10).

 17. Once a gigaseal has formed, the current step in response to 
the 1–2 mV voltage step, used to monitor the resistance, will 
be barely visible as a deflection. Increase the voltage step to 
10 mV.
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 18. Use the Cfast cancellation control to remove the capacity cur-
rent that is in coincidence with the voltage step. Increase the 
amplifier gain to around 10 mV/pA and obtain the whole-
cell configuration by applying repetitive, brief, strong suc-
tion until the membrane patch has ruptured (see Note 11).

 19. Make sure that Vcom is set negative (around −80 mV) at this 
point to ensure that hERG channels are not open, as this will 
interfere with measurements of Cslow/Rseries.

 20. The spikes of capacity current should then be cancelled using 
the Cslow compensation control on the amplifier. If the capac-
ity current has been completely cancelled, then the ampli-
fier reports two important values: the cancelled Cslow is the 
capacitance of the cell and Rseries is the access resistance (see 
Note 12).

 21. If the access resistance is high or begins to increase over time 
(‘seal over’), more brief suction must be applied and Cslow 
re-cancelled (see Note 13).

 22. Once a stable access resistance has been achieved and suf-
ficient time has been allowed for complete dialysis of the 
pipette solution with the cell interior (5–10 min or so after 
membrane rupture), set Vcom to −80 mV.

 23. Apply and adjust the level of series resistance compensation 
(50–90%) to ensure the cell is adequately voltage-clamped.

There are various voltage protocols that are applied to assess the 
electrophysiological and pharmacological properties of hERG. 
The most common are described below. Running these voltage 
protocols prior to testing the effects of drugs and assessing some 
of the key parameters is advisable to ensure that the cells are ade-
quately voltage-clamped and dialysis with intracellular solution is 
complete. For example, if the voltage-clamp is insufficient (i.e. 
there are voltage errors) then the I/V relationship may be neg-
ative-shifted and the kinetics slower than expected. If dialysis is 
incomplete, the currents may not reverse near the theoretical EK.

1. The amplifier provides the voltage stimulus (defined as a volt-
age protocol, see below) and records the resulting currents 
into a data file.

2. The data file can then be recalled at a later date to measure 
the isochronal I/V and the activation curve using the amplifier 
manufacturer’s own software.

3. For fitting the data, figure preparation, and more specialized 
analysis, the relevant data can be exported to other software 
packages (e.g., Origin, Prism, etc.).

4. The voltage protocol used is shown in Fig. 22.1. The voltage 
is first stepped from the holding potential of −80 to −60 mV 

22.3.3.2. Recording hERG 
Currents Using Typical 
Voltage Protocols

Recording the Isochronal 
I/V Relationship and the 
Activation Curve
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for 4 s before stepping the membrane voltage back to −50 mV 
for 2 s. Finally, the voltage is returned to −80 mV. This is one 
voltage sequence in the protocol.

5. In Fig. 22.1, a family of voltage sequences is shown each fol-
lowing another with a 20 s delay. The only difference between 

Fig. 22.1. Typical voltage protocol used to evoke hERG currents. The voltage protocol is 
divided into two parts for clarity ( (a) −40 to 0mV pulses and (b) +10 to +40 mV pulses) and 
can be used to examine the I/V relationship and construct an activation curve.
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each sequence is the magnitude of the 4 s depolarizing step. 
In the first sequence it is −60 mV, the next it is −50 mV, then 
−40 mV, and so on. In other words, the step is incremented by 
+10 mV with each sequence. In this particular voltage protocol, 
there are 11 such voltage sequences where the voltage is incre-
mentally increased in 10 mV steps from −60 to +40 mV. The 
voltage protocol is defined in the amplifier software.

6. For clarity, in Fig. 22.1 the first seven voltage sequences (−60 
to 0 mV), and corresponding evoked currents, are shown 
separately (upper panel) from the subsequent four sequences 
(+10 to +40 mV, lower panel).

The voltage protocol used is shown in Fig. 22.2a. It can provide 
a relatively accurate measure of the reversal potential and allows 
for the measurement of time constants of deactivation at negative 
potentials (see Note 14).

1. The voltage protocol used is shown in Fig. 22.2b.
2. The membrane voltage is stepped from the holding potential 

of −80 mV to +40 mV for 4 s and then stepped back to −50 mV 
for 4 s to evoke a tail current. The voltage is then returned to 
−80 mV.

3. The sequence is evoked continuously every 20 s.
4. The lowest dose of the compound is first added, but only when 

stable tail currents have been obtained. Increasing concentra-
tions of the compound can be subsequently applied provided 
‘steady-state’ block has been achieved at the previous dose (see 
Fig. 22.4).

1. Generally leak subtraction is not necessary provided; leak cur-
rent is small compared to the evoked hERG current.

2. A good indicator of a high resistance seal, and therefore low 
leak current, is to examine the holding current at −80 mV 
where all hERG channels are closed. The holding current, 
measured from zero, should be <50 pA.

3. Depending on the experiment and the level of accuracy 
required, leak subtraction is necessary. This can be done with 
a P/4 protocol (described in (20)) or by adding a supra maxi-
mal concentration of a selective hERG blocker and subtract-
ing the currents from those in the absence of blocker, prior to 
addition. This latter approach assumes that the level of leak 
has not changed after addition.

Typically, the measured values are obtained using the patch-
clamp amplifier software and exported as a text file. The text 
file is then imported into other analysis software (e.g., Origin) 
to construct I/V relationships and for fitting the data (e.g., the 
Boltzmann distribution for the activation curve, logistic equation 

Recording the ‘Fully 
 Activated’ I/V Relationship

Recording the Effects 
of Compounds on hERG 
Currents

Leak Subtraction

22.3.4. Analysis of 
Current Records



 Recording hERG Potassium Currents and Assessing the Effects of Compounds 287

for  dose–response data, etc.). Representative traces can also be 
exported to the software by following a similar procedure.

1. Applying this voltage protocol (Fig. 22.1) it is possible to 
construct the I/V relationship shown in Fig. 22.3.

2. The current measurements are taken at the same instant of 
time, at the end of the 4 s depolarizing step (Fig. 22.1, solid 
circle), and plotted against the magnitude of the voltage step 
(see Note 15).

22.3.4.1. Constructing the 
Isochronal I/V Relationship 
and the Activation Curve

Fig. 22.2. Other voltage protocols used to evoke hERG currents. The voltage protocol 
in (a) can be used to accurately measure the reversal potential and time constants 
of deactivation at negative potentials. The voltage protocol in (b) is frequently used to 
assess block of compounds.
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3. To construct the activation curve in Fig. 22.3b, measure-
ments are taken at the solid square in Fig. 22.1 (i.e., the peak 
tail current is measured on stepping back to −50 mV).

Fig. 22.3. The isochronal I/V relationship and activation curve. The isochronal I/V 
relationship is shown in (a) and is taken from the data in Fig. 22.1 where the current 
amplitudes were measured at the end of the 4 s depolarizing step (solid circle) and 
plotted against the voltage. The activation curve in (b) was constructed by measur-
ing the peak current amplitude on stepping to −50 mV from various potentials (solid 
square in Fig. 22.1). The amplitude was normalized to the peak current at +10 mV and 
plotted against pre-pulse potential. The Boltzmann fit of the data gave a V1/2 activation 
of −18 mV and slope of 6 mV. The number of replicates is four.
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4. The tail current is maximal at +10 mV (Imax) and so the  relative 
amount of current (I) at the other voltages can be calcu-
lated by dividing I/Imax and plotted against the pre-pulse 
voltage (i.e., the magnitude of the voltage step immediately 
prior to the step to −50 mV) to give the activation curve in 
Fig. 22.3.

5. The data can be described by a Boltzmann distribution so 
that the V1/2 of activation and the slope can be calculated. In 
the example shown, the V1/2 and slope is −18 mV and 6 mV, 
respectively (see Note 16).

1. Applying this voltage protocol (Fig. 22.2) it is possible to 
construct the I/V relationship that is shown in Fig. 22.4.

2. Plotting the peak inward current on stepping back to various 
test potentials from +40 mV as in Fig. 22.1b (solid circles) 
against the relevant test potential gives rise to the ‘fully acti-
vated’ I/V curve in Fig. 22.4 (see Note 17).

1. Applying the protocol described in Fig. 22.2b (see Note 18) 
it is possible to measure the amplitude of the tail current on 
stepping back to −50 mV for each pulse (measured as net out-
ward current at solid circle in Fig. 22.2b) and plot vs. pulse 
number (Fig. 22.5a).

2. Figure 22.5a illustrates the effect of three concentrations 
(3, 30 and 300 nM) of cisapride (see Note 19) cumulatively 
applied to the cell (added at bars). Individual current records, 

22.3.4.2. Constructing 
the ‘Fully Activated’ I/V 
Relationship

22.3.4.3. Assessing the 
Effects of Compounds on 
hERG Currents

Fig. 22.4. The fully activated I/V curve. The hERG current reverses direction around 
−87 mV and shows a peak in the I/V at −40 mV. The number of replicates is four.
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recorded in the presence of the indicated concentrations of 
cisapride are shown in Fig. 22.5b.

 3. The peak tail current in the presence of various concentra-
tions of drug can be expressed relative to the peak tail cur-
rent prior to addition either as a ratio or percent inhibition. If 
sufficient concentrations are tested (usually a minimum of 5) 

Fig. 22.5. The effect of cisapride on hERG tail currents. The tail current amplitude for 
each successive pulse number is plotted in (a) and the presence of cisapride indicated 
by the bars. Cisapride dose-dependently inhibited the amplitude of the tail currents 
that was only partially reversible. Typical current records are also shown in (b), before 
(control) and in the presence of the indicated concentrations of cisapride (3–300 nM as 
indicated).
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a dose–response relationship can be obtained by plotting 
the ratio/percent inhibition vs. concentration on a log scale. 
If appropriate, a standard four-parameter logistic equation 
can be used to fit the data so that an estimate of the IC50 
value can be obtained, e.g., 100 × (1 + ([drug]/IC50)

p)−1, 
where IC50 is the concentration required to inhibit 50% of 
the response and p is the slope of the curve.

 1. Adjusting the resistance of the pipette once the basic geome-
try has been formed is usually made by fine alterations in the 
heat setting of the second pull. For most whole-cell applica-
tions, a simple vertical two-stage puller is all that is required 
and fire-polishing of the electrode tips is rarely necessary.

 2. Obtaining a smooth flow may take some adjustment of the 
amount of suction and the angle/height of the suction capil-
lary in the bath. Overflow of the bath usually occurs because 
of air bubbles blocking the flow or if the areas surrounding 
the bath edges are wet. In this case, the surface tension 
of the solution is insufficient to keep it within the bath, and 
the solution is ‘dragged’ over the sides of the bath instead 
of flowing out through the suction capillary. So, ensure that 
areas immediately adjacent to the bath are dry.

 3. If one intends to change the composition of the external 
solutions during the experiment, particularly [Cl−], this may 
cause a change in the junction potential. The pellet is best 
placed in a side-bath containing pipette solution and con-
nected to the main bath by means of an agar salt bridge.

 4. ‘Good’ cells for patch-clamp typically have a well-delineated 
cell membrane appearing as a halo under phase-contrast and 
a smooth clear cytoplasm.

 5. To successfully fill the electrode, insert the filament down 
to the neck of the electrode and slowly depress the syringe 
while moving the filament back up the electrode. Fill the 
electrode approx half way up. Air bubbles can be removed 
by holding the electrode firmly and flicking the wrist a cou-
ple of times.

 6. The other end of the tubing, leading out of the cage, is 
attached to a plastic syringe and is used to provide suction 
when forming gigaohm seals. This tubing must be taped 
down firmly along much of its length (i.e., on the headstage 

22.4. Notes
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and vibration isolation table) to prevent vibrations being 
transmitted to the electrode tip.

 7. This recorded current is invariably offset from zero and results 
from the voltage difference (offset) between the recording 
electrode and ground. If no current can be recorded or there 
is a significant amount of mains noise, ensure that there is 
an electrical circuit between the ground and electrode, i.e., 
electrodes are fully immersed in bath solution and that they 
are connected to the amplifier.

 8. Note that during this process the command voltage must 
be set to zero. Voffset should be typically <10 mV between 
good Ag/AgCl2 electrodes immersed in physiological salt 
solutions. If the offset current fluctuates wildly, drifts from 
zero and/or the offset voltage is large; the electrodes may 
need re-chloriding or replacement.

 9. If the resistance is lower/higher, try increasing/reducing 
the heat on the second stage pull, respectively, when making 
the electrodes.

10. The resistance may increase rapidly and approach a gigaohm 
within a few seconds. If so, stop the suction; otherwise, con-
tinue applying steady suction and apply a steady negative 
pipette voltage of −20 mV at Vcom, even more negative if the 
resistance has increased enough. Briefly halt the suction. On 
many occasions the resistance will then increase dramatically 
and approach gigaohm. If the resistance does not increase 
sufficiently, try applying suction again and then releasing the 
pressure once more. Repeat this process until a gigaseal is 
formed. Note that the precise method for gigaseal formation 
will vary with cell type, the day, and the experimenter.

11. Membrane rupture will be manifest by the appearance of 
large ‘spikes’ of capacity current coincident with the step 
changes in voltage. This is the whole-cell recording configu-
ration. Sometimes one may successfully rupture the patch 
but lose the seal, so care must be taken to provide just the 
right amount of suction for break-in without losing the seal. 
Once a number of cells have been tried, most experimenters 
get a good idea of how much suction is required.

12. Access resistance should be around 2–3 times the original 
pipette resistance if you have ruptured the patch sufficiently. 
Acceptable values are therefore 6–15 MΩ although the value 
will depend ultimately on the amplitude of channel current 
to be recorded and the amount of series resistance compen-
sation that can safely be used.

13. Particularly with cells that have a tendency to ‘seal-over’, 
applying slight positive pressure can sometimes lower the 
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resistance to within acceptable limits. However, care must 
be taken not to apply too much or one will inflate the cell 
and lose the seal!

14. This protocol also reveals another hallmark feature of hERG 
that is shown on an expanded timescale in the inset of Fig. 
22.2, at −120 mV. On immediately stepping from +40 to 
−120 mV, the instantaneous current is at first relatively small 
since most channels have not recovered from the inactivation 
produced by the +40-mV step. However, the current then 
begins to increase (opening of channels), reflecting recovery 
from inactivation prior to decaying (subsequent deactivation 
of channels). This behaviour forms a characteristic hook in 
the current record.

15. Strictly speaking, this cannot be termed a ‘steady-state’ I/V 
since at voltages more negative than 0 mV the currents have 
not reached a steady level at the end of the 4 s step where the 
values are taken.

16. The activation curve can be described by a Boltzmann equa-
tion of the form

I/Imax = 1/(1 + exp(V−V1/2)/k),
where I is the peak tail current for a given pre-pulse volt-
age, V, and Imax is the maximum peak tail current. The V1/2 
of activation describes the voltage at which half the chan-
nels are open (relative to an assumed maximum level beyond 
which the current level does not change, +10 mV in Fig. 
22.3b) and the slope, k, indicates how voltage dependent 
the channels are. Evidently, the more voltage dependent 
they are, the steeper the slope. Typically, different channels 
will have different values for these parameters allowing the 
experimenter to use them as distinguishing features.

17. The hERG current crosses the voltage axis at around −87 mV 
close to the theoretical equilibrium potential for K+ (EK) 
under these ionic conditions (around −90 mV) and the peak 
hERG outward current occurs around −40 mV to −30 mV.

18. There are variations on this theme, either stepping to slightly 
less depolarized potentials (+20 mV instead of +40 mV), 
altering the duration of this pulse or instead of stepping back 
to −40/−50 mV to evoke a tail current, ramping back to 
−80 mV (0.5 mV/ms) to simulate the repolarization phase 
of the action potential. The merits of each type of protocol 
have been discussed elsewhere (24); suffice to say that the 
one given here is satisfactory for detecting most hERG chan-
nel blockers.

19. Cisapride is a gastro-intestinal prokinetic (5-HT4 receptor 
agonist) that was withdrawn from the U.S. market in the 
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year 2000 due to fatalities caused by TdP, ultimately linked 
to potent block of the hERG channel (25).

I would like to thank the Millipore Ion Channel Group (Cambridge, 
UK) particularly Helen Swain and Louise Webdale for help with the 
tissue culture and cell preparation sections.
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