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Foreword

The past 70 years have witnessed unprecedented advances in our knowledge ofion channels.
In 1952, Hodgkin and Huxley derived a mathematical model to describe how action
potentials are initiated and propagated in the squid giant axon. This conductance-based
model required only voltage-gated Na™ and K* channels, leak channels, and ion pumps, and
did not require an understanding of the molecules themselves or how they function. Yet,
even in the absence of molecular knowledge of the channels, there were remarkably accurate
depictions of how the channels function. For example, in 1973 Armstrong proposed a
model of the Na* channel in which ion permeation through an aqueous pore was regulated
by a “ball and chain” in which the ball portion of the ion channel protein occluded the pore
from the inside of the cell. Indeed, using protease treatment he showed that the ball could
be “cut off” and leave the channel continuously open. Then, with the discovery of the patch
clamp by Sakmann and Neher in the early 1980s, the activities of single ion channels could
be studied and suggested a much wider array of individual ion channels than had been
previously considered. In 1982, the recombinant DNA revolution, started in the 1970s,
allowed Noda and colleagues to present the first predicted amino acid sequence of an ion
channel protein, the Na™ channel from the electric ray, Torpedo. They had biochemically
purified channel protein from the electric organ where it is very highly expressed. This
purified protein was used to generate antibodies. In addition, the amino acid sequences of
tryptic digest peptides were determined. Immunological screening of a ¢cDNA library
identified several candidate clones that were rescreened with degenerate oligonucleotide
pools containing all possible coding combinations of the tryptic peptide sequences. Using
clones that contained the coding sequences of the tryptic peptides, and subsequently, larger
cDNA probes, they deduced the entire predicted coding sequence of the Na®™ channel
protein. These studies marked the dawn of the cloning era of ion channel proteins.

Studies of native K™ channels had indicated a more diverse molecular family than for Na*
channels. Yet no highly enriched tissue source was available to facilitate biochemical purifi-
cation. However, Jan and colleagues devised an alternative strategy using Drosophila genet-
ics. Electrophysiological studies of larval muscle showed that Shaker mutants, flies that shake
their legs when anesthetized with ether, selectively affect an A-type K* current. Therefore,
based on cytological localization they used a chromosomal walk and then fine structure gene
mapping to isolate clones encoding portions of the Shaker protein. These were used, in turn,
to isolate cDNA clones that ultimately yielded the entire predicted protein coding sequence
of a K* channel. Notably, they identified several alternatively spliced variants. Finally, they
expressed the Shaker cDNA clones in Xenopus oocytes and used two-electrode voltage clamp
recordings to present the first heterologous expression of functional K* channels. They
showed that Shaker encoded an A-type current and that the alternatively spliced mRNAs
gave rise to functionally distinct K™ channels. Importantly, a single mRNA species directed
expression of functional K* channels.

These pioneering studies opened the “gates”. Low stringency homology screens of
cDNA libraries captured an unexpected expanse of voltage-gated K* channels from flies
and mammals that presented subtle yet important functional distinctions when expressed in
heterologous systems such as oocytes or transfected cell lines.
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While homology screens were capable of identifying the members of the Kv families,
other strategies were required to isolate clones encoding different K* channel families. Thus,
the Hebert and Jan groups independently fractionated mRNA isolated from two different
sources—outer medulla of rat kidney and a mouse macrophage cell line, respectively—and
identified fractions that directed expression of a K* current following injection into Xenopus
oocytes. Expression screening the corresponding cDNA libraries yielded the first two inward
rectifier clones, ROMKI and IRK1. Once again, low stringency homology screens identified
a large family of related but distinct inward rectifier channels. Among these, in addition to a
host of classic inward rectifiers, were the G-protein coupled inward rectifier channels
(GIRKs) and the Kyrp channels.

The availability of the primary amino acid sequences for multiple subfamilies of K*
channels focused attention on the question of what structural components mediate the
universal properties of exquisite ion selectivity and permeation. Based upon sequence
conservation and mutagenesis studies, and the nascent sequence databases, the selectivity
sequence within the pore of the channels was identified. Lazdunski and colleagues then
searched the databases for predicted proteins with the K™ channel signature sequence and
identified a yeast protein with a tandem of inward rectifier like motifs, the first K2P channel,
YORKI, and then a mammalian counterpart, TWIKI1. Once again, low stringency screens
revealed a large family of K2P channels that vary particularly in their sensitivities to modula-
tory effectors.

Ganetsky and colleagues used Slowpoke mutant flies, lacking a Ca**-activated K* current
in larval muscle, and a molecular genetic strategy similar to that used for Shaker to isolate
genomic and cDNA clones encoding the BK large conductance voltage and Ca**-activated
K* channels, Slo channels. Slo2.1 (Slack), a Na* and voltage activated K* channel, was
identified using a pore sequence as an in silico probe, and Slo2.2 (S/ck), a Na™ and CI™
activated K* channel, was isolated based on homology to Slack. We used an anchored PCR
strategy and degenerate pools of oligonucleotides based upon the K channel selectivity
sequence, to isolate the SK, small conductance Ca®* activated K* channels.

The number of K* channel genes was far more than had been anticipated; the mamma-
lian genome harbors over 80. Yet the molecular—and functional—diversity goes much
farther. First, unlike Na* or Ca®* channels for which a single polypeptide with four homolo-
gous repeat units comprises a functional channel, K* channels assemble from four (or two;
K2P) independent subunits, such that the functional channel always contains four pore
domains. Within a given subfamily these subunits may be the same or different, dramatically
expanding channel diversity. Second, each of the K" channel genes undergoes alternative
splicing to further expand functional diversity. Indeed, the single BK channel gene can
generate more than 1000 possible exon combinations. Third, channel activity and/or
subcellular trafficking and localization are modulated by nonhomologous subunits that
may co-assemble with the channels. Thus, the combinatorial K* channel repertoire is the
most diverse among the ion channel families.

The cloning of the K* channel superfamily permitted detailed investigations into the
structure and function of individual K channels. Cloned channels could be functionally
expressed and their activities, in virtual purity and isolation, could be measured accurately.
This was combined with site-directed mutagenesis to reveal the molecular bases of essential
attributes including gating, permeation, and pharmacology. With the historic presentation
of the crystal structure of KCSA, a new level of resolution was obtained that revealed the
chemistry of K selectivity and permeation.
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Today, structure-function studies that incorporate a diverse toolbox of approaches
continue to yield profound insights into the molecular mechanisms underlying potassium
channel function. This book, edited by Show-Ling Shyng, Francis Valiyaveetil, and Matt
Whorton, provides a timely update on techniques and approaches used to study these
channels, with a wide range of topics including channel structure, gating, cell biology,
pharmacology, physiological functions, and channelopathies. This volume will be a welcome
addition to the Methods in Molecular Biology book series collection and serve those who
are interested in studying potassium channels.

Portland, OR, USA Jobn P. Adelman
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Potassium is nature’s ion of choice for regulating cellular excitability. This is underscored by
the fact that potassium channels are the most widely expressed type of ion channel and are
found in virtually all organisms. In fact, there are over 90 K* channel genes in humans, which
is more than the number of Na*, Ca?*, and Cl— channel genes combined. Potassium
channel diversity is further expanded by differential splicing, heterotetrameric channel
assembly, and association with accessory proteins. This breadth of diversity allows K*
channels to respond to and integrate a variety of chemical, electrical, and mechanical signals.
This has necessitated the development of a wide range of methods to study K* channels and
their roles in physiology and disease.

Over the past few decades, advances in structural biology have produced atomic-
resolution structures of many representative examples of K™ channels. While these structures
have offered unprecedented insight into the mechanisms of ion selectivity, gating, and
ligand regulation, many questions remain regarding channel dynamics which are best
addressed through other methods. These complementary approaches are covered in this
book and include the use of NMR, EPR, single-molecule FRET, and molecular dynamics
simulations.

As new modalities of K* channel regulation are discovered, increasingly sophisticated
methods are needed to characterize the biophysical properties of certain K channels. Several
such methods are presented in this book, including photo-crosslinking, patch clamp and
mechanical manipulation of channels reconstituted into lipid vesicles, stopped-flow spec-
troscopy, and incorporation of unnatural amino acids.

The identification and cloning of K" channels was only the beginning in understanding
their roles in physiology and disease. This book includes a number of chapters dedicated to
this topic, including ways to modulate and monitor protein expression levels in vivo, real-
time correlation of channel activity and physiology, as well as optogenetic control of K*
channel activity. As K* channels have so many important physiological roles, it is no surprise
that they have great potential as therapeutic drug targets which is addressed in this book
with a chapter describing a thallium-based high-throughput drug screen.

The methods used to study K* channels continue to improve and expand. This book is
intended to provide an update on techniques and approaches that have been developed since
the last Methods in Molecular Biology book on Potassium Channels published in 2009.
With the wide range of topics covered including channel structure, gating, cell biology,
pharmacology, physiological functions, and channelopathies, it is our hope that this book
will serve as a practical guide for investigators wishing to study potassium channels.

Portland, OR, USA Show-Ling Shyng

Francis 1. Valiyaveetil
Matt Whorton
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Chapter 1

Manipulating Potassium Channel Expression and Function
in Hippocampal Neurons hy In Utero Electroporation

Kang Wang

Abstract

In utero electroporation (IUE) of plasmid DNA into specific brain regions such as hippocampus and cortex
has made it possible to reduce protein expression levels or even replace the endogenous protein with site-
directed mutant proteins to reveal important physiological consequences. For example, siRNA can mediate
targeted knockdown, and can be complemented by simultaneously expressing the shRNA immune wild-
type protein to validate on-target effects, or by expression of an shRNA-immune protein harboring site-
specific mutations. More recently, IUE has been adapted to express CRISPR/Cas9 components for
targeted gene editing that abolishes protein expression. Utilizing these approaches via IUE results in
transfected neurons that are interspersed with non-transfected control neurons in the same brain slices,
allowing for direct comparisons. Because IUE is performed late in embryonic development and is confined
to a relatively small percentage of neurons, developmental compensatory mechanisms that may compromise
gene targeting via germ line transmission are minimized. Thus, IUE presents a powerful opportunity to
rapidly and cost-effectively dissect molecular and cellular physiology in the context of the intact brain.

Key words Potassium channel, In utero electroporation, Hippocampus, Neurons, shRNA, Animal
model

1 Introduction

The cloning of the K channel superfamily and the ensuing
structure-function studies that incorporate a diverse toolbox of
approaches have yielded profound insights into the molecular
mechanisms of function of individual K channels. Now;, it is neces-
sary to use the molecular knowledge of the K channels to gain
insights and understanding of their physiological roles. One
method that has been successfully used is to manipulate the K
channel genes using a transgenic approach. Until recently, this
was best accomplished in mice by homologous recombination in
ES cells followed by introduction into blastocysts and ultimately
germ line transmission. This has enabled the creation of null lines
that may be targeted to specific tissues and developmental time

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
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points as well as gene modifications that introduce point mutations
or fluorescent tags. However, these experiments are time consum-
ing and quite costly, not conducive to testing multiple structure-
function hypotheses or creating multiple different modified genes
to investigate physiological roles.

Since in utero electroporation was introduced in 2001 [1, 2], it
has become a widely used standard tool to fast and efficiently
manipulate various genes expression in rodent central nervous
system. The application of electroporation in rodent embryos in
utero allows injected DNA plasmid to be delivered to specific area
of the brain, therefore accomplishing the goal of transfection of
neurons. Since DNA is negatively charged, during the electric
pulse, the injected plasmid migrates toward the positive pole of
the electrode. Therefore, by varying the positions and angles of the
positive electrode, IUE can be used to target specific brain areas,
including the cortical area, hippocampus, lateral septal nucleus and
striatum, thalamus, and hypothalamus.

In this protocol, I describe the details of the in utero electropo-
ration method in targeting pyramidal neurons in the hippocampus.
The examples of fluorescent protein expression in hippocampal
pyramidal neurons are shown in Fig. 1 (low magnification) and
Fig. 2 (high magnification). Briefly, pregnant mice at E16 (or rats
at E18) are anesthetized with isofluorane, their abdominal cavity is
cut open, and the uterine horns are exposed. DNA plasmids are
injected to the lateral ventricle through the uterine wall by using a
glass micropipette pulled from thin-walled capillary glass. The head
of each embryo within its uterine sac is positioned between
tweezer-type  electrodes, and five square electric pulses
(40-50 mV; 100 ms; 1 s intervals) are passed using an electropora-
tor. After electroporation, the wall and skin of the abdominal cavity
of the pregnant mice/rats are sutured closed and embryos are
allowed to develop normally [3].

Fig. 1 Expression of green or red fluorescent proteins in pyramidal neurons of different hippocampal slices
(10x ocular x 4x objective Lens)
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Fig. 2 Expression of green or red fluorescent proteins in pyramidal neurons of different hippocampal slices
(10x ocular x 40x objective Lens)

2 Materials

1. Timed-pregnant C57BL/6 mice at embryonic day (E) 16 or
pregnant Wistar rats at E18 are proper choices for targeting
hippocampal neurons.

2. 2 pg/ul DNA plasmid with ~2% fast green.

3. Surgical instruments: straight and curved forceps with blunt
ends, ring forceps (4.8 mm ID/6 mm OD) for holding
embryos, scalpel and scissors with different sizes, suturing
needle holder with lock-tungsten carbide, and wound clip
applier for rats if needed. All instruments should be sterilized
before performing animal surgery.

. Vaporizer with attached oxygen tank for animal anesthesia.
. Isofluorane for anesthetizing the animal.

. Borosilicate glass capillaries (0.86 mm ID /1.5 mm OD).

. Microloader tips for loading DNA solution into pipette.

. Microinjector with foot control and capillary holder.

O 0 N O\ Ul

. Electroporator with foot control.

10. Paddle-type electrodes (5 mm for mice embryos and 8—10 mm
for rats embryos) (se¢ Note 1).

11. Heating pads.

12. Alcohol and iodine swabs.
13. Sterilized gauze.

14. Pre-warmed saline.

15. Carprofen for pain relief.
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3 Methods

3.1 Preparation
of the Surgery

3.2 Surgery
Procedures

3.3 Post
Electroporation/
Postoperative Gare

. Turn on the heating pads and all IUE equipment, set five

square electric pulses (40-50 mV; 100 ms; 1 s intervals) for
electroporator (see Note 2).

. Fill the micropipette with DNA solution using a microloader

tip, connect the pipette to the capillary holder.

. Induce anesthesia of the animal in a chamber with isofluorane

at 4.5% flow rate mixed with oxygen.

. Transfer the animal to surgical area with isofluorane at 2% flow

rate mixed with oxygen and maintain the same rate for the rest
of surgery.

. Shave the abdominal skin to remove the fur, apply pain relief

pre- and post-surgery.

. Clean the shaved area for at least three times with iodine and

alcohol.

. Use a scalpel to make a vertical incision along the midline

through the skin for about 2 cm in length, use scissors to
make a similar incision underneath the skin along the linea
alba. Make sure the animal is fully anesthetized before making
incision; this could be checked by the disappearance of toe
pinch reflex.

. Cover the shaved skin by 5-6 sterilized gauze with a hole of

4-5 c¢m in the middle over the incision. Drop pre-warmed
saline in the cutting area and apply saline when necessary to
keep the embryos hydrated all through the surgery.

. Place the ring forceps between two most accessible embryos

and gently pull the uterine horns out of the abdominal cavity.

. Hold one embryo with ring forceps and slowly inject 2 pl

colored DNA solution into the lateral ventricle, start one
embryo after another, and complete DNA injection for the
rest of embryos.

. Place the electrodes on the side of the embryo head and apply

the appropriate voltage to individual embryos.

. Carefully replace the uterine horns back to the abdominal

cavity, start with one side of the uterine horn, and then the
other side (see Note 3).

. Suture the muscular and skin walls separately with 4-0 silk

suture. Apply clips to the skin of rats if necessary (see Note 4).

. Transfer the animal to a recovery chamber placed on a heating

pad, and supervise the animal during recovery.

. Put the animal back to the cage and to the animal room. Check

the behavior of the animal regularly after the surgery.
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4 Notes

References

. Choose paddle size of the electrodes properly, 5 mm works well

for mice E16 embryos and 10 mm works well for rats E18
embryos. It is a balance between efficiency and specificity.

. Apply appropriate voltage for electroporation, high voltages

could result in decreased embryonic survival rates while low
voltages lead to reduced transfection efficiency. Always monitor
the size of current during electroporation, which should
remain constant among embryos. Big variation of current for
certain embryos indicates the misplacement of electrode paddle
or loss of voltage application during electroporation.

. After electroporation, replace the embryonic chain carefully

and sequentially back to the abdominal cavity, avoid twisting
the uterine horns when inserted back to the abdomen, which
could result in a difficult delivery for the mom or ingestion of
the embryos before delivery.

. Keep the surgical length within 40 min for each pregnant

animal.

1. Saito T, Nakatsuji N (2001) Efficient gene trans- neuronal migration in the developing cortex.
fer into the embryonic mouse brain using in vivo Neuroscience 103:865-872
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2. Tabata H, Nakajima K (2001) Efficient in utero Distinct Ca®* sources in dendritic spines of hip-
gene transfer system to the developing mouse pocampal CAl neuron couple to SK and Kv4
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Chapter 2

Studying KCNQ1 Mutation and Drug Response in Type 1
Long QT Syndrome Using Patient-Specific Induced
Pluripotent Stem Cell-Derived Cardiomyocytes

Heming Wei, Jianjun Wu, and Zhenfeng Liu

Abstract

Patient-specific human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (hiPSC-CMs) are
becoming a valuable model for studying inherited cardiac arrhythmias. Type 1 long-QT syndrome is
associated with the genetic variants of KCNQI gene that encodes Kv7.1, the a-subunit of the voltage-
gated potassium channel QKT subfamily member 1 that channels the slow component of the outwardly
rectifying K" channel current in cardiac myocytes. Patient- or disease-specific hiPSC-CM model could
facilitate the characterization of the genotype-phenotype relationships and testing of individualized drug
responses.

Here, we describe the methods in the generation of hiPSC-CMs, molecular and electrophysiological
characterizations of their cellular phenotypes associated with KCNQ1/Kv7.1 defects, and evaluation of the
effects of K™ channel-specific drugs.

Key words Human-induced pluripotent stem cells, Cardiomyocytes, Inherited cardiac arrhythmias,
Long-QT Syndrome, KCNQI, Kv7.1

1 Introduction

Human-induced pluripotent stem cells (hiPSC) are embryonic
stem cell-like that can be derived from postnatal somatic cells
[1, 2]. hiPSCs are capable of differentiating into functional cardi-
omyocytes (hiPSC-CMs) [3]. Such cardiomyocytes carry the basic
characteristics of the native cardiac myocytes from the heart [3, 4].

Inherited cardiac arrhythmias, such as the long-QT syndromes
(LQTS), are associated with complicated genetic defects in a number
of critical cardiac ion channels [5, 6] with various penetrance and
expressivity. To date, studies on the disease mechanisms and ion
channel-targeted drug therapies have been hampered by a lack of
proper cellular models particularly cardiomyocytes from the patients
with favourable genetic backgrounds. Patient-specific hiPSC-CMs,
as a source of cardiomyocytes derived from patients of inherited

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
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cardiac arrhythmias, are being recognized as a valuable and unique
model for studying various neuronal and cardiac diseases, particularly
of those associated with single-gene variations [7-10].

Type 1 LQTS (LQT1) is the most common subtype of LQTS
which contributes to ~40% of all LQTS. Variations in the KCNQI
gene have been identified in LQT1 patients. KCNQJI encodes
Kv7.1 proteins, a voltage-activated potassium channel alpha-
subunit, which forms a homotetrameric channel and facilitates a
voltage-dependent slow delayed rectifier K(+) current (Ixs). In the
human heart, KCNQ] associates with the auxiliary p-subunit
KCNEI to give rise to Iy, characterized by slow activation and
deactivation kinetics, contributes to cardiac action potential repo-
larization. To date, nearly 100 different KCNQJ mutations,
including alternative splicing mutations [11-15], have been
reported responsible for the defects in Ik, current associated with
prolonged QT-intervals on the electrocardiogram (ECG) of
patients. Prolonged QT interval could lead to a polymorphic ven-
tricular tachycardia or torsade de pointes (TdP), syncopes, and
sudden death [16]. At cellular level, KCNQI mutations could
compromise the functions of the Kv7.1 channels via reducing
their protein synthesis, attenuating their intracellular trafficking
and disturbing their gating properties [15, 17, 18].

Patient-specific hiPSC-CM model, with different KCNQI
mutations and favourable genetic backgrounds that may harbor
potential genetic modifiers, could be ideal for validating the defects
in Kv7.1. Application of the hiPSC-CMs model could facilitate not
only the characterization of the genotype-phenotype relationships,
but also the testing of patient- or disease-specific, individualized
drug responses [19, 20]. To date, hiPSC-CMs from patients of
inherited cardiac arrhythmias, such as LQTS, have been successfully
adopted for disease modeling [7-10]. With a LQT1 patient with in-
frame heterozygous deletion of exon 7 (C.922 ~ 1032 del;
P.308 ~ 344 del) in KCNQI gene, we have generated patient-
specific hiPSC-CMs and successfully tested the impacts of the
KCNQ]I mutation on Kv7.1 channels as well as therapeutic poten-
tial of an I, channel opener [20].

In this chapter, the methods in the generation of hiPSC-CMs,
molecular and electrophysiological characterization of the cellular
phenotypes associated with KCNQ1/Kv7.1 defects, and testing of
the cellular responses to ion channel-specific drugs are described
while the focus is on the key procedures for molecular and electro-
physiological characterizations of hiPSC-CMs.
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2 Materials

2.1 Materials for Cell

Culture-Related
Studies

2.1.1 Basal Media

2.1.2  Supplements
(Store at
—20°Cto—30°C)

2.1.3 Other Materials

2.1.4 Human Dermal
Fibroblasts Medium

Unless specified, all materials are from Life Technologies-Thermo
Fisher Scientific.

. Dulbecco’s Modified Eagle Medium, high glucose (DMEM-

HG) (Cat. No. 11965092). Store at 4 °C.

2. RPMI1640 basal medium (Cat. No. 11875119). Store at 4 °C.
. RPMI1640 medium without D-glucose (Cat. No.

11879). Store at 4 °C.

. B-27 Supplement (50x%), serum free (Cat. No. 17504044).

Store at —20 °C.

. Fetal Bovine Serum (FBS), heat inactivated (Cat. No.

10082147). See Note 1.

. Penicillin-Streptomycin-Glutamine ~ (100x)  (Cat.  No.

10378016).

. Sodium Pyruvate Solution 100 mM (100x), liquid (Cat. No.

11360070).

. Non-Essential Amino Acids (NEAA) Solution, 10 mM (100x)

(Cat. No. 11140).

. p-Mercaptoethanol, 1000x liquid, 50 ml (Cat. No.

21985023). See Note 2.

. L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate

(Sigma-Aldrich, A8960).

. O. sativa-derived recombinant human albumin (Sigma-

Aldrich, A9731).

. Sodium pr-lactate (Sigma-Aldrich, 1.4263).

. Hanks” Balanced Salt Solution (HBSS) without calcium and

magnesium (Cat. No. 14170112). See Note 3.

. Gelatin (Sigma-Aldrich, G1890). To prepare 0.1% (w,/v) gelatin,

add 0.5 g gelatin to MilliQ water to 500 ml and autoclave the
solution. Store at room temperature and use within 12 months.

. Trypsin-EDTA  (0.25%), phenol red, liquid (Cat. No.

25200056). To prepare 0.05% Trypsin-EDTA, dilution 0.25%
Trypsin-EDTA (1:5) in HBSS. Store at —30 °C.

. TrypLE™ Select Enzyme (1x), no phenol red (Cat. No.

12563011).

. DMEM-HG Medium contains (final concentrations): 82%

DMEM-HG supplemented with 15% FBS, 1% Penicillin-Strep-
tomycin-Glutamine (1x), 1% NEAA and 1% Sodium Pyruvate.
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2.1.5 hiPSC-CM
Maintaining Medium

2.1.6 Equipment

2.2 Materials for
Molecular Biology
Assays

2.2.1 For DNA and RNA
Work

2.2.2 For Western
Blotting

. RPMI + B27 Medium. Prepare 50 ml medium containing

49 ml of RPMI and 1 ml of B27 supplement. Store at 4 °C
and use within 1 month.

. Level II Biological Safety Cabinet.
. CO, incubator.

. Centrifuge for cell culture.

. PureLink®™ Genomic DNA Mini Kit for genomic DNA extrac-

tion (Invitrogen™-Thermo Fisher Scientific, Cat. No.
K182001).

2. RNeasy Mini kit (QIAGEN, Germany, Cat. No. 74106).
. RNase-Free DNase Set for total RNA isolation (QIAGEN,

Germany, Cat. No. 79254).

. SuperScript™ ITI First-Strand Synthesis System for reverse tran-

scription (RT) reaction (Life Technologies-Thermo Fisher Sci-
entific, Cat. No. 18080051).

. PCR Master Mix (2 x ) for PCR (Thermo Fisher Scientific, Cat.

No. K0171).

. QIAquick PCR Purification Kit for gel extraction of PCR

products (QIAGEN, Cat. No. 28104).

. Cell scraper (Greiner Bio-One GmbH, Frickenhausen,

Germany).

. Dulbecco’s phosphate-buffered saline (DPBS), no calcium, no

magnesium (Life Technologies-Thermo Fisher Scientific, Cat.
No. 14190144). Seec Note 4.

. RIPA Lysis and Extraction Buffer (Pierce Biotechnology-

Thermo Fisher Scientific, Cat. No. 89900) containing
20 mM Tris-HCI, pH 7.4; 150 mM NaCl; 40 mM NaF;
5 mM EDTA; 1% Triton X-100; 1 mM sodium orthovanadate;
1% (vol /vol) Nonidet P-40, 0.1% (wt/vol) sodium deoxycho-
late; 0.1% (wt/vol) SDS; 1 mM phenylmethylsulfonyl fluoride;
and 10 ng/ml aprotinin.

. 2D Quant kit for protein quantification (Amersham-GE

Healthcare Life Sciences, Cat. No. 80-6483-56).

. TGX™  FastCast™  Acrylamide  Solutions  (Bio-Rad

Laboratories).

. Polyvinylidine fluoride membrane (PVDF) membrane

(0.22 pm) (Amersham-GE Healthcare Life Sciences, Cat. No.
10600021).

. Transferring Buffer containing 25 mM Tris, 190 mM glycine,

20% methanol, and 0.01% (wt/vol) SDS.



2.2.3 For
Immunofiuorescence

2.2.4 Antibodies

Primary Antibodies

10.

11.

12.

13.
14.
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. Methanol (Sigma-Aldrich, M1775 Sigma). To prepare 90%

methanol, add 5 ml MilliQ water to 45 ml pure methanol.
Store at —20 °C.

. Tris-buffered saline (TBS), 20x (Pierce-Thermo Fisher Scien-

tific, Cat. No. 28358). Store at 4 °C. To prepare 1x TBS
working solution, dilute 20x TBS (20:1) in MilliQ water.

TBS-T (1x): 1x TBS solution containing 0.1% Tween-20.

Bovine Serum Albumin or BSA (Sigma-Aldrich, A9418
Sigma). To prepare 5% BSA, dilute 5 g BSA in 100 ml 1x
TBS-T. Store at 4 °C and use within 6 months.

ECL plus Western blot Detection Reagent (Pierce-Thermo
Fisher Scientific, Cat. No. 32132).

WesternBright HRP substrate (Advansta, Cat. No. K-12045).

Restore™ Western Blot stripping solution (Pierce-Thermo
Fisher Scientific, Cat. No. 21059).

. 5% BSA in DPBS: dilute 5 g BSA in 100 mlin 1 x DPBS. Store

at 4 °C and use within 6 months.

. 16% Paraformaldehyde (PFA) (Electron Microscopy Sciences,

Hatfield, PA, USA). To prepare 4% PFA, diluted 16% PFA in
1x DPBS. Use a freshly prepared solution.

. Triton X-100 (Sigma-Aldrich, T8532) . To prepare 10% Triton

X-100 solution (50 ml), add 5 ml Triton X-100 into 45 ml 1 x
DPBS. Store at 4 °C and use within 6 months.

. ProLong®™ Gold Antifade Mountant with DAPI (Life

Technologies-Thermo Fisher Scientific, Cat. No. P36935).

. Nail polish (colorless).
. 8-mm round coverslips.
. Glass slides.

. Anti-KV7.1 rabbit polyclonal antibody (Alomone Labs, Jeru-

salem, Isracl, Cat. No. APC-022). Use 1:500 dilution for
Western blotting and 1:200 dilution for immunofluorescent
imaging.

. Anti-Golgi  apparatus  monoclonal  antibody  (Life

Technologies-Thermo Fisher Scientific, Cat. No. A-21270).
Use 1:200 dilutions for immunofluorescence imaging.

. Anti-a-actinin monoclonal antibody (Sigma-Aldrich, clone

EA-35). Use 1:500 dilutions for immunofluorescence imaging.

. Anti-B-actin polyclonal antibody (abcam, ab8229). Use 1/

2000 dilution for Western blotting.

. Dilute the primary Abs in 1 x TBS-T (for Western blotting) or

DPBS (for immunofluorescence) containing 2% BSA.
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Secondary Antibody

2.2.5 Equipment

2.3 Materials for
Electrophysiology
Assays

2.3.1 Consumables

2.3.2 Solutions

. Horseradish peroxidase (HRP)-conjugated secondary antibody.

Use 1:5000 dilutions (in 1x TBS-T) for Western blotting.

. Fluorochrome-conjugated secondary antibodies. Use 1:500

dilutions (in 1 x DPBS) for immunofluorescence staining.

. Sonic Dismembrator (Fisher Scientific™ Model 705 Sonic

Dismembrator).

. Bench-top microcentrifuge (temperature controlled, with

speed capacity up to 10,000 x g).

. ELISA reader (SpectraMax® M3 Multi-Mode Microplate

Reader, Molecular Devices).

4. PCR machine.

10.

11.

. NanoDrop Spectrophotometer for DAN/RNA quantification

(Thermo Fisher Scientific).

. Mini-PROTEAN® Electrophoresis System (Bio-

Rad Laboratories). Including glass plates, medium binder
clips (1% in.) and plastic container.

. Trans-Blot® SD  Semi-Dry Transfer Cell (Bio-Rad

Laboratories).

. The PowerPac™ Basic power supply (Bio-Red Laboratories)

for submerged horizontal and mini vertical gel electrophoresis.
Applies for nucleic acid gel and protein gel electrophoresis.

. Gel Doc™ XR+ Gel Documentation System (Bio-Rad

Laboratories).

GS-800 Calibrated Densitometer and Quantity One quantifi-
cation analysis software version 4.5.2 (Bio-Rad Laboratories).

Confocal microscope.

. Glass capillaries: Capillary Glass & Filaments (O.D. 1.5 mm, L.

D. 0.86 mm, 10 cm length). From Sutter Instrument (Item#:
BF 150-86-10), Novato, CA, USA.

Unless specified, chemicals are from Sigma-Aldrich Corp (St.
Louis, USA).

1.

Solutions for action potential (AP) recording.

(a) Pipette solution contained (in mM): KCI 140, NaCl 5,
MgCl, 1, MgATP 3, EGTA 10, and HEPES 10, adjusted
to pH 7.2 with KOH.

(b) Extracellular solution (Tyrode’s solution) contained (in
mM): NaCl 140, KCI 5.4, CaCl, 1.8, MgCl, 1, glucose
10 and HEPES 10, adjusted to pH 7.4 with NaOH.



2.3.3 lon Channel
Openers/Blockers

2.3.4 Equipment and
Software
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2. Solutions for Iy recording.
(a) Pipette solution contained (in mM): potassium aspartate
110, KCI120, MgCl, 1, EGTA 10, Na,ATP 5 and HEPES
10, adjusted to pH 7.2 with KOH.

(b) Extracellular solution (Na*-free) contained (in mM): Cho-
line chloride 140, KCI 5.4, MgCl, 1, CaCl, 1.8, glucose 10
and HEPES 10, adjusted to pH 7.4 with Tris base. Add
CdCl, (0.3 mM) to block the L-type Ca** current.

1. Chromanol 293B (Sigma-Aldrich, C2615 Sigma).
2. E-4031 (Sigma-Aldrich, M5060 Sigma).

3. ML277 or (R)-N-(4-(4-methoxyphenyl)thiazol-2-yl)-1-tosyl-
piperidine-2-carboxamide (Sigma-Aldrich, SML0524 Sigma).

1. Axopatch 700B and Axopatch 200B amplifiers (Axon
Instrument-Molecular Devices, Sunnyvale, USA).

2. Digidata 1440A (Axon Instrument).
3. pCLAMP10.7 Software (Axon Instrument).

4. Origin 7.0 software (Origin Lab Corporation, Northampton,
USA).

. Sutter P-97 microelectrode puller (Novato, CA, USA).
. Microforge (NARISHIGE MF-900, Japan).

. Temperature controller (Warner Instruments, Hamden, USA).

o NN O U

. A Cybercyte System (Cytocybernetics, Buffalo, USA).

3 Methods

3.1 Generation of
hiPSC-CMs (Only the
Key Procedures Are
Described in Brief)

3.1.1 Derivate Somatic
Cells from Human for
Reprogramming

3.1.2 Reprogram
Somatic Cells into hiPSCs

1. Perform skin biopsy on patients and sibling controls to obtain
dermis tissue. Manually separate and mince the dermis tissue.
Plate the tissue fractions onto a 0.1% (w/v) gelatin-coated petri
dish, culture in DMEM-HG Medium. To subculture the fibro-
blasts that migrated out of the dermis tissue, wash cells two
times with HBSS and incubate cells with 0.05% trypsin at 37 °C
for 5 min. Then replate the cells with a split ratio of 1:3. Use
passage 2 or younger cells for reprogramming.

2. Alternatively, derive peripheral blood cells, such as activated T
cells, and use them as an alternative source for reprogramming
[21]. This less-invasive way for deriving somatic cells is becom-
ing the top choice.

Reprogram the somatic cells via ectopic expression of OCT-4, SOX-
2, KIF-4, and ¢-Myc [1, 2, 20, 21]. One of the latest and mostly
adopted protocols is the Sendai virus transduction method [21].
See Note 5.
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3.1.3 Characterize the
Pluripotency of hiPSCs

3.1.4 Differentiate
hiPSCs into
Cardiomyocytes

3.1.5 Dissociate hiPSC-
CMs into Single Cells

3.1.6 Purify and Enrich
hiPSC-CMs by Metabolic
Selection (See Note 6)

3.1.7 Maintaining of
hiPSC-CMs

The pluripotency of hiPSCs can be confirmed by their expression of
pluripotent stem cell markers in vitro and their capability of tera-
toma formation in immunodeficient mice in vivo, as previously

described [1, 2].

Use the latest and mostly adopted protocols including that by Lian
et al. [22] and Zhang et al. [23] for higher cardiomyogenic differ-
entiation efficiency (>80%).

In brief, prepare confluent monolayer of single hiPSC disso-
ciated from hiPSC colonies and initiate the direct cardiomyogenic
differentiation process. The differentiation can be carried out in a
serum-free defined system by temporal modulation of canonical
Whnt signaling (appropriate temporal application of Gsk3 inhibitor
followed by chemical Wnt inhibitors) [22]. Alternatively, hiPSC-
CMs can be generated with high efficiency by combining the
extracellular matrix sandwich with sequential application of growth
factors (Activin A, bone morphogenetic protein 4 and basic fibro-
blast growth factor) [23].

1. Wash the hiPSC-CMs (sometimes in clusters or clumps) twice
with 1x HBSS and leave the cells covered by HBSS for 10 min
at room temperature.

2. Remove the HBSS and add TrypLE™ Select Enzyme and
incubate the cells in a 37 °C CO, incubator for 5-8 min.
Pipetting up-and-down to further dissociate the cells.

3. Transfer the detached cells to a 15 ml centrifuge tube. Centri-
fuge at 300 rpm for 5 min.

4. Replete the cells on 0.1% gelatin-coated cultural plastic or glass
surface and continually culture in RPMI + B27 Medium.

1. hiPSC-CMs can be further purified and enriched by metabolic
selection. Change the RPMI + B27 Medium of hiPSC-CMs
10-20 days post differentiation to a variant RPMI1640
medium (without D-glucose) supplemented with l-ascorbic
acid 2-phosphate, O. sativa-derived recombinant human albu-
min, and sodium DpL-lactate [24]. Such chemically defined met-
abolic selection favours the survival of hiPSC-CMs and they
can therefore be enriched over 90%.

1. Maintain hiPSC-CMs in RPMI + B27 Medium at 37 °C in a
humid CO, incubators supplemented with 5% CO,. Change
the cultural medium every three days. The cells can be main-
tained with spontaneously beating phenotype for more than 6
months [3, 22]. Cells can be used 48 h post platting.



3.2 Molecular and
Cellular
Characterization of the
KCNQ1 Defects

3.2.1 Characterization of
the KCNQ1 Gene Defects in
hiPSC-CMs

Determine Genomic
Variations

Assess Gene Transcription
by Reverse Transcription-
Polymerase Chain Reaction
Assay
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. Isolate genomic DNA from the peripheral blood, somatic cells,

and hiPSC-CMs of control and patient.

2. Quantify DNA with a NanoDrop Spectrophotometer.

. Sequence the KCNQI gene and compare to the reference

sequence. See Note 7.

. Isolate total RNA from hiPSC-CMs using the RNeasy Mini kit

and RNase-Free DNase Set following the recommended
protocols.

2. Quantify the total RNA with a NanoDrop Spectrophotometer.

10.

11.

12.

. Amplify the

. Synthesize the first-strand ¢cDNA by Reverse Transcription

(RT) using SuperScript™ III First-Strand Synthesis System.
Use oligo dTs as the primer for RT reaction.

. Perform Polymerase Chain Reaction (PCR) assay to quantify

the level of gene transcription.

. Prepare PCR reaction mix containing cDNA and primers for

the gene of interest.

. Amplity the KCNQ/ for 42 cycles of the following: denaturing

at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at
72 °C for 60 s.

Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) PCR for 29 cycles.

. PCR Primers are shown in Table 1.

. Human left ventricular tissue mRNA could be used as

reference.

Separate the PCR products in a 1.5% agarose gel by horizontal
gel electrophoresis.

Quantify the PCR bands of KCNQI and GAPDH by Gel
Doc™ XR+ Gel Documentation System. Normalize KCNQI
to GAPDH and plot the results as relative expression levels.

Purify the KCNQI PCR products from the agarose gel (full
length and potential isoforms with various sizes) and send for
Sanger sequencing to confirm the specific sequences of
KCNQL.

Figure 1 serves as an example of the RT-PCR assays.
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Table 1
PCR primers
Gene access # Gene SEQUENGE (5'-3') of PCR primers
NM_000218.2 KCNQI F GTA CCT GGC TGA GAA GGA CG
R AGA CTT CTT GGG TTT GGG GC
NM_002046.5 GAPDH F
R

Reproduced from ref. 20 with modifications.
KCNQI PCR covers a region from exon 6 to exon 9 of the cDNA

A . WT Exon6  Exon7 _
KCNQ1 PCR covering exon 6- exon 9 ‘TGGGGGGTG{GTC CAGTC
Cont LQT1
M) f
406bp (WT) J’M ﬂ l”\" WYX
g Aexon7_ ___ .----------= >A exon 8
310bp (Aexon8) __ o ooeeeem--z" “Exon6 __Exon8 Exon7  Exon9
295bp (A exon7) 5, [66GGG GTGGGGATTCTT TCCCAGCGACCGCATGG
\ ’l
l
200bp (4 exon7+8) .ﬂ. S I\

A AR A
AL AN A
\—> Aexon7+8
TGGGGGGTGNCCGCATGE

ﬁrnlu“u%“u"'f\ \ "".pf

120.0% KCNQ1 exon skipping mRNAs

100.0%
80.0% ® Control (n=4)
60.0% = 1QT1 (n=4)
40.0% 2ds
20.0% j J
0.0% e

A exon7 Aexon8  Aexon7+8

% GAPDH

Fig. 1 Expression of KCNQ1 gene in control and LQT1 patient hiPSC-CMs. (A) Representative agarose gel
images show the KCNQ7 and GAPDH PCR products amplified from the cDNA of control and patient hiPSC-CMs
(leff). KCNQ1 PCR covers a fragment from exon 6 to exon 9. The blue dashed line separates the PCR products
of Aexon8 (above) and Aexon7 (below). The sequences of the corresponding PCR products are presented on
the right. The full length (WT) and exon-skipping (with deletion of exon 7, exon 8, or both exon 7 and exon 8)
KCNQ1 cDNA are identified in control and patient hiPSC-CMs. (B) A bar-graph shows the quantitative
comparisons of the full length (WT) and exon-skipping cDNA identified in control and patient hiPSC-CMs.
Values are given as mean + SD. **p < 0.01, **p < 0.001, vs. control (Reproduced from ref. 20)



3.2.2 Determine the
Levels and Sizes of Kv7.1
Protein in hiPSC-CMs by
SDS-PAGE and Western
blotting

Preparation of Cell Lysate
and Extraction of Protein

SDS-PAGE and Western
Blotting

10.
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. Harvest the adherent hiPSC-CMs using a cell scraper. Collect

the detached cells into a 15 ml centrifuge tube (BD Falcon, BD
Biosciences) and centrifuge at 500 x g at 4 °C for 5 min.

. Wash twice with 1x ice-cold DPBS.
. Add lysis bufter (RIPA butffer) to cells and resuspend the pellet

with pipetting up and down for 30 times followed by 20 s
sonication on ice.

. Centrifuge the cell lysate at 10,000 x g4 at 4 °C for 10 min.

Collect the supernatant that contains the protein extract. Use
immediately or store at —80 °C for further analysis.

. Quantify the protein in samples with a 2D Quant kit with at

least two independent replicates. Use BSA as a standard for
protein quantification.

. Case polyacrylamide (8-12%) mini-gels (~9 x 7 cm) with

TGX™ FastCast™ Acrylamide Solutions using the gel-casing
apparatus from the Mini-PROTEAN® Electrophoresis System.

. Use Mini-PROTEAN® Electrophoresis System to separate

proteins on resolving SDS-PAGE under denaturing conditions
at 20 mA constant current.

. Transfer the proteins from the gel to PVDF membrane by

applying the “semi-dry” transfer method for 60 min at
120 mA in Transferring Buffer.

. Block the membrane with 5% BSA in 1 x TBS-T for 2 h at room

temperature, wash three times in 1 x TBS-T (10 min each).

. Incubate the membrane with primary antibodies (such as anti-

KV7.1/KCNQI diluted 1:500 in PBS-T plus 2% BSA) over-
night at 4 °C.

. Wash the membranes with 1 x TBS-T and incubate with HRP-

conjugated secondary antibody for 1 h at room temperature.

. Develop the membranes with ECL plus Western blot Detec-

tion Reagent.

. Expose the membranes and obtain images using a Bio-Rad Gel

Doc machine.

. To reprobe the same membrane with another primary antibody

(such as anti-p-actin Ab), strip the membrane with stripping
solution and incubate with anti-p-actin followed by a
corresponding secondary antibody. p-Actin serves as reference
protein for normalizing the equal sample loading. Develop and
expose the membrane as above-mentioned.

Perform densitometric quantification of the protein bands.
Values = relative protein expression normalized to f-actin.

Figure 2 serves as an example of the Western blotting assay.



18 Heming Wei et al.

Kv7.1 protein level by Western blot

Cont LQT1

. 75 KD

i 40%
B-actin M . 42KD 0% +——

100% Full length Kv7.1 level

80% | I

60%
* %

% beta-actin

Control LQT1

Fig. 2 Kv7.1 protein expression in control and LQT1 patient hiPSC-CMs. (Leff) Representative Western blotting
images of Kv7.1 and B-actin. A ~75 kDa band is identified as Kv7.1. The membrane was stripped and
reprobed with anti-(3-actin antibody. (Right) A bar graft shows the levels of Kv7.1 plotted against g-actin. Only
the full length Kv7.1 is clearly presented and it is markedly reduced in LQT1 patient hiPSC-CMs. **p < 0.01,
vs. control (Reproduced from ref. 20 with modifications)

3.2.3  Immunofiuo- 1.

rescence Assay to
Determine the Intracellular

Localization of Kv7.1 2

Fix and Permeabilize the

Cells 3.

Immunostaining (See Note 1.

8

Image the Cells and 1.
Quantify the Kv7.1 Signals 2

Plate hiPSC-CMs on 0.1% (w/v) gelatin-coated 8 mm round
coverslips in a 24-well plate in RPMI 4+ B27 Medium. Con-
tinue culturing for 48-72 h.

. Fix cells with 4% paraformaldehyde at room temperature for

10 min.

Permeabilize cells with 0.1% Triton X-100 at room tempera-
ture for 10 min.

. Wash cells three times with 1 x DPBS and block cells with 5%

BSA in 1 x DPBS for 1 h.

Incubate cells with a mix of two primary antibodies, such as an
anti-Kv7.1 polyclonal Ab combined with an anti-a-actinin
monoclonal Ab, or an anti-Kv7.1 polyclonal Ab combined
with an anti-Golgi monoclonal Ab, at 4 °C overnight.

. Wash the cells five to seven times with 1x DPBS.

. Incubated cells with a mix of corresponding secondary antibo-

dies conjugated with different fluorochromes at room temper-
ature for 1 h.

. Mount the coverslips on glass slides using Mount Gold (with

DAPI) medium, seal with nail-polish.

View and image the cells with confocal microscopy.

. Quantify the immunofluorescent signals and intensity of Kv7.1

with Image] software.

. Determine the intracellular localization of Kv7.1 by measuring

the distance of Kv7.1 staining to nucleus.

Figure 3 serves as an example of the immunofluorescence assay.
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Kv7.1 Distribution

100%
o Membrane
Kv?'l_ ) E 80% H Perinuclear * ok
o-actinin 2 I
DAPI & 60% -
=2 * ok
8 a0% |
=
Kv7.1 S 20%
Golgi R
DAPI 0% -
Control (n=3) LQT1 (n=3)

Fig. 3 Intracellular distributions of Kv7.1 in control and LQT1 patient hiPSC-CMs. (Leff). Representative co-
immunofluorescent images of Kv7.1 (green) and o-actinin (red) (fop panel), or Kv7.1 (green) and Golgi
apparatus (red) (bottom panel), of control and patient hiPSC-CMs are presented. Cell nuclei were stained
with DAPI (blue). Arrows indicate Kv7.1. Magnitude: 63x. Scale bar: 20 uM. (Righf) A bar graph presents the
ratio of membranous and peri-nuclear distributions of Kv7.1 quantified in cells costained with Kv7.1 and Golgi
apparatus (distance less than half of radius is considered as perinuclear whereas distance over half of radius
is considered membranous). **p < 0.01, vs. control (Reproduced from ref. 20 with modifications)

3.3 Electro- 1. Plate single hiPSC-CMs into 3.5 cm petri dishes precoated
physiology with 0.1% (w/v) gelatin to 30—40% confluency.
Characterization of the 2. Maintain the hiPSC-CMs at 37 °C in RPMI + B27 Medium in
Kv7.1 Defects in a humidified CO, (5%) incubator. Use hiPSC-CMs 5-6 weeks
hiPSC-CMs post hiPSCs differentiation. See Note 9.

3.3.1 Prepare hiPSC-
CMs for Patch-Clamp

Recording
3.3.2 SetUp the Patch- 1. Use conventional whole cell patch-clamp recording protocols to
Clamp Systems record K* currents and action potentials (AP) in hiPSC-CMs.

2. Use Axopatch 700B amplifiers to amplify the signals.

3. Use Digidata 1440 acquisition system and pClampl0.7 soft-
ware (Axon Instruments) for data acquisition.

4. Prepare the patch pipettes by fabricating the glass capillaries
using a microelectrode puller and heat polish the tips with a
microforge to gain a resistance of 3-5 MQ when filled with
internal solution.

5. Form the gigaseal and achieve whole-cell configuration by
applying gentle suction.

6. Select cells with series resistance below 6 MQ before compen-
sation (70% to 80%). Up to 75% series resistance compensation
could be achieved.



20 Heming Wei et al.

3.3.3 Record |,z by 1. Determine cell membrane capacitance of hiPSC-CMs automat-
Voltage-Clamping ically by the Patch-Clamp sampling software (pClampl0.7

software) after compensation.
Set Up the Voltage- ) p

Clamping Protocols [7, 20]

[\

. Low-pass filter the currents at 5 kHz and digitize at a sampling
rate of 5 kHz by Digidata 1440 (Axon Instruments).

3. Superfuse the cells with a Na*-free extracellular solution as
above-mentioned, add CdCl, to perfusate to block L-type
Ca®* current.

4. Record the I, currents at room temperature.

Record Step and Tail ks 1. Elicit the outwardly rectifying K* channel (Ix) currents (see

Currents Note 10) by 4 s depolarization steps from a holding of
—80 mV to potentials ranging from —40 to +60 mV in
10 mV increments, followed by a 4 s repolarization phase to
—40 mV to elicit the tail current.

2. Record step and tail Ik currents at baseline.
3. To isolate Iy, from Iy, perform either of the following actions:

4. Apply Chromanol 293B (10 pM), a Ik, blocker, to the super-
fusate to block I,. Next, calculate the Iy, currents by subtract-
ing the effect of Chromanol 293B from that of baseline [7, 20].
Figure 4 serves as an example of the I, recording.

5. Apply 5 pM E-4031, a blocker of I, to the superfusate to
block Iy.. The remaining outward currents are I [25] as they
can be completely suppressed by 10 pM Chromanol 293B.

Control LaT1 Step current
. =" e Contrel (n=7)
o =
e Baseline % e ! + LQT1 (n=7)
[ =
e 1.0 _ +
=] I 5
z os 3
E ¥y o
S oof T -

Chromanol 293B €T vormey %

.--n-‘-
_é__ Tail current

#- Control (n=7)

T
;!: an LGT1 (n=7)
raction z
Subtractio " o : I
k-] 3 4 *
§ E 0.5 3 P * *
- 5 S
< 00
40 =20 o 20 40 &0
4 sec Voltage (mV)

Fig. 4 /s recorded from control and LQT1 patient hiPSC-CMs. (Lef) ks currents are validated as Chromanol
293B-sensitive (after subtraction) k currents. (Righf) The averaged peak and tail current density (pA/pF) in
control and patient hiPSC-CMs is presented. Values given are mean + SEM (n = 7 for both patient and
control). *p < 0.05, vs. control (Reproduced from ref. 20)



Determine the Voltage
Dependence of Activation

Measuring the Deactivation
of ks

Measuring the Inactivation
of ks

3.3.4  Record Action
Potentials (APs) by Current-
Clamping

Set Up the Current-
Clamping [7, 20]

Record APs
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. Calculate the I, current density by normalizing the Iy current

(pA) to the cell capacitance (pF) and express the current density
as pA/pF.

. Calculate the voltage dependence of activation (evaluated from

normalized tail current amplitudes) by fitting with Boltzmann
equation, ¥ = I./(1 + exp. (V/1,2—V)/x)) to determine
the membrane potential for half-maximal activation (V; ,,) and
the slope factor (k).

. Hold the cells at —80 mV followed by a depolarized prepulse to

+60 mV for 4 s. Elicit the tail currents by various repolarized
potential from —120 to —20 mV in 10 mV increments [26].

. Calculate the time course of deactivation by fitting with a

single-exponential function, y = A x (1 — exp. (—t/7)),
where A is amplitude and 7 is time constant.

. Use a triple-pulse protocol. Pulse the cells to a series of test

potential from +40 to +100 mV in 10 mV increments before
applying a 20 ms interpulse to —130 mV. Return the mem-
brane potential to the test potential to measure the degree of
activation [27].

. Calculate the inactivation: Following the triple-pulse protocol,

count the percentage of current reduced over the
corresponding current tested in the first pulse [27]. Degree
of inactivation of Kv7.1 channels at each potential is indirectly
revealed by the hooked tail currents.

. Record APs of hiPSC-CMs with pipette and extracellular (Tyr-

ode’s) solution above-mentioned.

. Low-pass filter the electrical signals at 2 kHz and sample the

signals at 20 kHz.

. Maintain cells at 35 °C during the recording by a temperature

controller.

. Record APs in spontancous contracting hiPSC-CMs.
. Record APs in paced hiPSC-CMs. Intracellularly elicit (evoke),

through the patch pipette, at 1 Hz by 1 ms depolarizing
current pulse of ~1.5x of the stimulation threshold at a cycle
length of 1 s.

— Analyze the average AP duration (APD) at 90%, 70%, 50%,
and 20% of repolarization (APD90, APD70, APDS5O0,
and APD20), AP amplitude (APA), maximal upstroke velocity
(dV/dtmay), resting membrane potential (BMP) or maximal
diastolic potential (MDP) and beating frequency [1, 19, 20].
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Fig. 5 Action potentials recorded from control and LQT1 patient hiPSC-CMs. Representative traces of
spontaneous (SP, upper panel) and paced (1 Hz, bottom panel) APs recorded from V-like, A-like, and N-like
hiPSC-CMs of control and LQT1 patient are presented. Prolonged APDs are observed with the V- and A-like
hiPSC-CMs of LQT1 patient (Reproduced from ref. 20)

The APDs of spontaneous APs can be corrected by heart rates
following the Fridericia’s formula for correcting the QT inter-
vals (APDc¢ = APD /interspike interval'/?) [28].

3. Identity the ventricular-like (V), atrial-like (A), and nodal-like
(N) subtypes of hiPSC-CMs by their characteristic AP para-
meters including APA, APD, and dV/d#,. [7, 20]. Figure 5
serves as an example of the AP recording.

3.3.5 Determine the 1. Record baseline Ix, and APs as above mentioned.

Effects of Drugs on s and 2. Apply M1.277 [29] or other drugs of interest. See Note 11.

AP
s 3. Determine the effects of ML277 or the drugs of interest on I,

and APs. Figures 6 and 7 show Iy, and APs recorded from
hiPSC-CMs responded to ML277 treatment, respectively.

3.3.6 Recording Adult Background: Although hiPSC-CMs share many important similari-
Cardiac Myocyte-Like APs  ties with native human cardiac myocytes, a limitation is the lack of the
in hiPSC-CMs by the inward rectifier K current (Ix;) that leads to a more depolarized
Dynamic Action Potential MDP (—50 to —65 mV) [30] and spontanecous APs (se¢ Note 12).
Clamp (DAPC) Technique In contrast, adult ventricular and atrial myocytes from the heart

which have a MDP of ~90 mV are quiescent [30]. A more positive
MDP in hiPSC-CMs could alter the AP characteristics of hiPSC-
CMs, such as compromising the Iy, during phase-0 depolarization
[30], and therefore downplays the significance of the hiPSC-CM
model. Such a drawback could be fixed by the dynamic action
potential clamp (DAPC) technique.
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Fig. 6 / recorded from control and LQT1 patient hiPSC-CMs treated with ML277. (Leff) ks recorded from
control and patient hiPSC-CMs at baseline (black lines) and post ML277 treatment (gray lines). (Right) Bar-
graphs show the averaged fail current density (pA/pF). Values given are mean + SEM. *p < 0.05, vs.
untreated baseline. ML277 enhanced the step and tail currents in both control and LQT1 hiPSC-CMs
(Reproduced from ref. 20 with modifications)
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Fig. 7 Action potentials recorded from control and LQT1 patient hiPSC-CMs responded to ML277 treatment.
Representative traces of spontaneous (SP, upper panel) and paced (1 Hz, lower panel) action potentials
recorded from control (/eff) and LQT1 patient (righf) V-like hiPSC-CMs at baseline (solid lines) and post ML277
treatment (dotted lines) are presented. ML277 reduced the APDs in both control and LQT1 hiPSC-CMs
(Reproduced from ref. 20 with modifications)
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Fig. 8 APs measured without or with the DAPC technique. (A) A representative AP waveform recorded from a
normal V-like hiPSC-CM without k4 injection. (B) The AP waveform recorded from the same cell after K,
injection by the DAPC technique. The arrow indicates a phase-1 repolarization. Compared to hiPSC-CMs
(k1—), the AP morphology from hiPSC-CMs (/;+) clearly resembles that of the native human ventricular
myocytes with markedly increases of d/d#y.x and APA/overshoot

Configure the DAPC System
with Patch-Clamp Amplifier

Convert hiPSC-CMs (Ix;—)
to hiPSC-CMs (Ix1+)

Record the APs in V-like
hiPSC-CMs (k+)

3.3.7 Verify the Results
from hiPSC-CMs with
Simulation Model of
Human Ventricular Cardiac
Myocytes

Carry out the DAPC technique as follows.

1. Configure the Cybercyte System with a patch-clamp amplifier
(Use Axopatch 200B amplifiers or Axopatch-1D) [30].

1. Inject a real-time voltage dependent in silico Ix; (peaked at
150 pA per cell) in hiPSC-CMs to bring the MDP down to
~ —85 mV which is more physiological and is close to that of
adult ventricular and atrial myocytes [30].

1. Record APs in V-like hiPSC-CMs (Ix;—) following the con-
ventional current-clamp protocol. APs are clearly rounded pat-
tern (Fig. 8A).

2. Record APs in the same cell following the DAPC technique
[30]. A phase-1 repolarization AP morphology can be recorded
(Fig. 8B) and APs recorded from such V-like hiPSC-CMs
(Ixa+) are characterized by increased dV/d#y.x, APA and
overshoot that resemble normal human ventricular myocytes
[30].

Background: As hiPSC-CMs are relatively immature compared with
the native myocytes from the adult heart, the findings from hiPSC-
CMs may not fully or preciously reflect that of human cardiac
myocytes. While it is highly challengeable to obtain human ventric-
ular myocytes from the patients and controls for testing, computer
simulation models (see Note 13), such as the O’Hara—Rudy (ORd)
human ventricular cardiac myocytes model [31], could be helpful
for validating the results from hiPSC-CMs.

The followings are the brief procedures for using the ORd
model:
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Fig. 9 Simulated APs of human ventricular myocytes. (A) Simulated voltage-dependent ks in human
ventricular myocytes. The ks of 30% of the control level is denoted as LQT1 (simulating the case of LQT1
in ref. 20). (B) Simulated APs in the ventricular myocytes (midmyocardial cells) of control and LQT1. The cycle
length is 1 s. Note that the magnitude of APD prolongation is moderate compared with the change in hiPSC-

CMs of LQT1

. Download the Matlab code or C++ code of the ORd original

human ventricular model 2011 from the website of Rudy
Laboratory (http://rudylab.wustl.edu), Washington Univer-
sity in St. Louis, MO, USA.

. Run the Matlab source code with Matlab 2013 software. The

program automatically generates figures of action potentials
and ion currents.

. Alternatively, compile the c++ source code and run the com-

piled program to generate the result. Software like Origin or
Python can be used to generate data for plotting.

. Convert the Iy, value (experimentally recorded from heterolo-

gous KCNQI expressing cell lines or hiPSC-CMs) as % of
control and integrate it in the ORd model to simulate the
corresponding APs.

. Verify the simulated AP parameters for the hallmark of LQT1

AP characteristics (Fig. 9).

. Evaluate the effects of Ix, channel openers on APs.

4 Notes

. The batch-to-batch variations of FBS could be overcome by

testing a few batches of FBS and selecting a better one. Using
the same batch of FBS throughout the study could help to
minimize variations and inconsistency in cell culture.
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10.

11.

12.

. Cautions should be excised while handling p-mercaptoethanol

as it is combustible, corrosive, and toxic. Avoid ingestion and
direct skin contact.

. Hanks” Balanced Salt Solution (HBSS) without calcium and

magnesium is required for rinsing chelators from the culture
before.

. Dulbecco’s phosphate-buffered saline (DPBS) is a balanced salt

solution used for a variety of cell culture applications. Formula-
tions without calcium and magnesium are required for rinsing
chelators from the culture before.

. Sendai virus-mediated transduction for hiPSC reprogramming

represents one of the latest and most preferred strategies for
ectopic expression of the transcription factors.

. Cardiac differentiation of hiPSCs will generate other undesired

cell lineages in addition to hiPSC-CMs. Purification and
enrichment of hiPSC-CMs are necessary in some cases to facil-
itate their various applications.

. Send DNA samples to creditable sequencing facilities for

sequencing and consultation. As the derivation of hiPSC-
CMs takes multiple procedures associated with risks of muta-
genesis and contaminations from other sources of cells, it
would be important to sequence the genomic DNA from
hiPSC-CMs to confirm the results obtained from genomic
DNA of blood cells.

. Dual immunostaining of cells, in combination with DAPI

nuclear staining, is commonly performed to reveal the intracel-
lular localizations of a protein.

. After differentiation, hiPSC-CMs undergo a period (~4 weeks)

of rapid maturation during which the expressions of major ion
channels increase rapidly to the levels close to that of native
cardiac myocytes.

In a ventricular myocyte, the total tail currents of the voltage-
gated, outwardly rectifying K* channel currents (Ix) consist of

Ik, and Iy, which are sensitive to selective blockers, such as E-
4031 and Chromanol 293B, respectively.

MIL1.277 is a potent activator /opener of KCNQI (Kv7.1) chan-
nels and is the first selective and potent activator found, with an
EC50 of 260 nM. With >100-fold selectivity versus KCNQ2
and KCNQ4 and no activity against the hERG potassium
channel (up to 30 pM), activators of KCNQI1 channels like
ML277 could have potential use in treatment of LQT1.

Compared with adult ventricular and atrial myocytes that are
quiescent and have a maximum diastolic potential (MDP) of
~90 mV, hiPSC-CMs demonstrate a spontaneous firing activity
with a more depolarized MDP of —50 to —65 mV, which could
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alter the electrophysiology of hiPSC-CMs. For example, a
MDP of —60 mV could compromise the Iy, activation during
phase-0 depolarization. The depolarized MDP with hiPSC-
CMs has been associated with the lack of the inward rectifier
K" current (Ixp) in those cells.

Simulation models of the electrophysiology of cardiac myo-
cytes have been developed over the years and undergone con-
tinuous improvements. Available models range from rodent to
canine and human, with more ion channels, ion transporters,
and regulators included. The O’Hara—Rudy [31] model repre-
sents the latest and more comprehensive models of human
ventricular myocytes. Yet, its applicable value on faithfully
reproducing the correct pathophysiological situations or drug
responses is still being evaluated.
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Chapter 3

Monitoring Changes in the Abundance of Endogenously
Expressed ATP-Sensitive Potassium (K,p) Channels in the
Plasma Membrane Using Surface Biotinylation

Jing-Syuna Ruan and Pei-Chun Chen

Abstract

The conductance of Karp channel activity can be regulated by gating and/or surface expression. Gating
analysis is usually performed by electrophysiological recording. Analysis of surface Kyp channel expression
levels requires cell fractionation, protein separation, and quantification. Cell fractionation involves time-
consuming high-speed centrifugation steps and skilled techniques for taking out specific layers. Moreover,
contamination of intracellular membranes can confound results. Although commercial kits have been
developed to make it easier for scientists, qualities of these kits vary which can give rise to variable results.
Detection of membrane proteins using surface biotinylation technique consists of labeling cell surface
proteins with a biotin reagent before lysing the cells, and isolating these tagged proteins by NeutrAvidin
pulldown. Then, the samples are subjected to SDS-PAGE separation, transferred to PVDF membranes, and
probed with specific antibodies. Quantification of cell surface expression is accomplished by densitometric
measurement of the bands corresponding to the protein of interest and subsequent normalization by a
membrane protein (as control). This alternative method for detecting expression of surface protein is
relatively easy in steps and more economical in comparison to other methods such as cell fractionation.

Key words ATP-sensitive potassium channels, Inmunoblotting, Biotin, NeutraAvidin beads, Glyco-
sylation, INS-1 cell, Glycine

1 Introduction

Plasma membrane (PM) of a cell not only serves as the boundary
between extracellular environment and intracellular content, but
also carries out distinctive activities via multiple proteins [1]. There
is growing evidence that dynamic expression of PM proteins also
plays a crucial role in regulation of physiological functions and
pathological conditions [2, 3].

ATP-sensitive potassium channels (Kapp channel) play an
important role in the regulation of insulin release in pancreatic f-
cells. The pancreatic B-cell Kapp channel is an octameric complex
containing four pore-forming Kir6.2 subunits and four regulatory

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_3, © Springer Science+Business Media LLC 2018
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sulfonylurea receptor (SURIL) subunits [4-7]. Regulation of chan-
nel activity is mediated by cytosolic nucleotides: when cells are in
the state of high glucose, high ATP-to-ADP ratio closes Karp
channels resulting in membrane potential depolarization, opening
of voltage-dependent Ca®* channels (VDCC), Ca®* influx, and
insulin secretion [4-7]. In addition to gating, previous studies
have shown that surface expression of Kap channels affects electri-
cal activity as well as insulin release in pancreatic p-cells [8-11]. For
example, leptin, a peptide produced by adipocytes, stimulates traf-
ficking of Karp channels from cytosolic vesicles to the plasma
membrane of p-cells via a CaMKK/AMPK/PKA pathway. This
transient increase of surface Karp channel expression hyperpo-
larizes membrane potential and reduces insulin secretion [12, 13].

Biotinylation is the process of attaching biotin to proteins and
other macromolecules. Biotinylation reagents are available for tar-
geting specific functional groups or residues and for distinguishing
substrates inside or outside cells based on membrane permeability
of the reagent. Cleavable or reversible biotinylation reagents enable
the specific elution of biotinylated molecules from biotin-binding
proteins (e.g., NeutrAvidin). In order to measure endogenous
Karp channel expression at the cell surface, we choose non-
membrane permeable EZ-link Sulfo-NHS-SS-biotin to label lysine
residues in the extracellular region of SURI. Kir6.2 subunit lacks
extracellular lysine residues; hence, surface SURI is the indicator
for the expression of Ksrp channel in the plasma membrane. SUR1
is a glycoprotein with two N-linked glycosylation sites that are core-
glycosylated in the endoplasmic reticulum (ER). As the channel
complex travels through the medial Golgi, the glycosylation pattern
is further modified to give rise to the complex-glycosylated form,
referred to as the “upper band” that migrates slower on the SDS gel
than the core-glycosylated “lower band.” The appearance of the
upper band is therefore diagnostic of SURI having exited the ER
and reached the medial Golgi; accordingly, only the upper band is
detected at the cell surface using rabbit SURI antiserum generated
with the last 13 amino acids of hamster SURI (KDSVFASFV-
RADK) as the antigen [14-16]. Note this biotinylation reagent
has a cleavable disulfide spacer allowing recovery of biotinylated
protein from immobilized streptavidin. We have employed this
technique to investigate effects of leptin on trafficking of Karp
channels to the cell surface as shown in Fig. 1, [12, 13]. In this
chapter, we will detail the protocols regarding this technique and
further applications using leptin treatment as an example.
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Fig. 1 INS-1 cells were treated with 10 nM leptin for the times indicated and subjected to surface biotinylation.
Left: Representative western blots showing surface biotinylated SUR1 pulled down with NeutrAvidin beads and
total SUR1 in the cell lysate. Note only the upper band corresponding to the complex-glycosylated SUR1 and
not the lower band corresponding to the ER-core glycosylated SUR1, was detected at the cell surface.
Molecular weight markers in this and subsequent figures are in kDa. Right. Bar graph showing the fold
increase in surface SUR1 relative to the upper band of total SUR1 and normalized to time zero (n = 4,
*n < 0.05 by one-way ANOVA and Dunnett’s post-hoc test) (Reproduced from ref. 12 with permission from

authors)

2 Materials

. Freshly prepare all reagents at 4 °C and place them on ice. We

use a single well from a 6-well tissue culture plate to indicate
the amounts of reagents we use during this experiment.

. The rat insulinoma cell INS-1 clone 823 /13 [17] (se¢e Note 1).

Culture medium: RPMI 1640 medium with 11.1 mM p-glu-
cose supplemented with 10% fetal bovine serum (FBS),
100 units/ml penicillin, 100 pg/ml streptomycin, 10 mM
HEPES, 2 mM glutamine, 1 mM sodium pyruvate, and
50 pM B-mercaptoethanol [18].

4. Serum-free RPMI medium.

10.

. Dulbecco’s phosphate-buffered saline (DPBS) with calcium

and magnesium, prechilled on ice or at 4 °C (see Note 2).

Biotin labeling solution (1 mg/ml): Dissolve 6 mg of NHS-
Sulfo-SS-biotin in 6 ml DPBS (see Note 3).

50 mM Glycine solution: dissolve 91 mg of Glycine in 24 ml
DPBS.

. Cell lysis buffer: 20 mM HEPES, 150 mM NaCl, 4 mM

EDTA, 1 mM EGTA, 1% Igepal (NP-40), 0.1% SDS, 0.04%
Deoxycholic Acid and 1x Protease inhibitors (PIs) (see
Note 4).

NeutrAvidin agarose beads: 50% slurry in cell lysis buffer.

Elution buffer: 2x Laemmli sample buffer.
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11.

12.

13.

14.

15.

16.

17.

18.
19.

Mini protein gel casting, electrophoresis, and Western blot
system.

Western blot transfer buffer (for 11): 0.32 g 0of Na,CO3,0.84 g
of NaHCO3, 100 ml methanol, add ddH,O to 1 L.
Tris-buftered-saline with TWEEN 20 (TBST): 50 mM Tris—Cl,
150 mM NaCl, pH 7.5, with 0.1% TWEEN 20.

Blocking solution for Western blot: TTBS with 5% (w/v)
nonfat dry milk.

Anti-SURI serum raised in rabbit (see Subheading 1 and
Note 5).

Anti-rabbit secondary antibody conjugated to horseradish per-
oxidase (HRP).

Enhanced chemiluminescent substrate (ECL substrate) for the
detection of the secondary antibody-conjugated HRP activity
(see Note 6).

Gel imaging system for visualizing immunoblots.

Image] software (available at http://rsb.info.nih.gov/ij)
(National Institute of Health, NTH).

3 Methods

3.1 Biotinylation

. Plate INS-1 cells onto 6-well tissue culture plates and perform

the surface biotinylation experiment when cells have reached
80-90% confluency.

. Replace the culture medium with 2 ml warm serum-free RPMI

medium per well and incubate in a 37 °C incubator for 30 min
(see Note 7).

. Add 2 pl of 10 pM Leptin to each well such that the final

concentration of leptin is 10 nM. Incubate further in a 37 °C
incubator for 0, 15, 30, 60, 120, or 180 min to follow the time
course of the effect of leptin on surface Karp channel abun-
dance (see Note 8).

. Place cells on ice and carry out all subsequent steps in this

section at 4 °C or on ice (se¢ Note 9).

. Remove leptin and RPMI by suctioning, and wash cells gently

four times with ice-cold DPBS (see Note 10).

. Add 1 ml per well of ice-cold biotin labeling solution and

incubate on ice for 30 min (see Note 11).

. Quench unreacted biotin by washing two times with 50 mM

glycine solution. For each wash, keep the glycine solution on
cells for 5 min.

. Wash cells with DPBS two times as in step 5.
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9. Add 250 pl of prechilled cell lysis bufter to each well.

10. Scrape cells from each well of a 6-well plate using a cell scraper,
and transfer cell lysate to six chilled 1.5 ml Eppendorf tubes.
Place tubes on the rotator and rotate for 20 min at 4 °C.

11. Centrifuge tubes in a microcentrifuge at 15,000 x gat 4 °C for
20 min.

12. Transfer the supernatant to a new 1.5 ml Eppendorf tube and
discard pellets.

13. Determine protein concentrations using the Lowry assay (see
Note 12).

14. Adjust protein concentrations using cell lysis buffer so that all
tubes have the same protein concentration.

15. Transfer the amount of cell lysate to a new tube, which will be
used for affinity purification using NeurtrAvidin beads. Save
the remainder to set up a separate Western blot as input control
for later quantification (se¢ Note 13).

3.2 Affinity 1. Take 300 pl (50 pl x 6) of NeutrAvidin agarose beads out of
Purification of the bottle into a 1.5 ml tube (see Note 14).

Biotinylated Proteins
Using NeutrAvidin
Agarose Beads

. Spin down using a table top centrifuge for 30 s.

. Aspirate out the supernatant and leave the beads pellet.

. Add 500 pl cell lysis buffer into the tube and vortex lightly.

. Repeat the wash steps 2-5 for a total of three times.

. Add 600 pl cell lysis bufter into the tube after the final wash and
mix gently.

7. Add 100 pl of the above washed NeutrAvidin beads to each of

the 1.5 ml tubes containing the cell lysate.

N Ul W N

8. Place tubes on a rotator and rotate at 4 °C overnight.

9. Wash the NeutrAvidin beads three times with cold cell lysis
buffer (500 pl/tube /wash).

10. Elute proteins bound to the beads with 40 pl 2x Laemmli
sample buffer for 30 min at room temperature (se¢ Note 15).

3.3 SDS-PAGE and 1. Cast 7.5% mini-protein gels (se¢ Note 16).

Western Blotting 2. Load 30 pl of eluent from each tube. Be careful not to pipet up
any NeutrAvidin beads. On a separate gel, load 30 pl of the
original cell lysate sample to be used as input controls.

3. Run gel until the 25 kDa marker reaches the bottom of the gel
(35 mA for ~1-2 h).
4. Transfer at 50 mV at 4 °C for 135 min.

5. Block the membrane with blocking solution for 1 h.
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6.

11.

Dilute primary antibody for SURI in a blocking solution
(1:500) and incubate the membrane in a primary antibody
solution at 4 °C overnight with constant shaking.

. Wash three times with the TTBS solution, each for 10 min.
. Incubate with Donkey-anti-rabbit HRP (1:4000) in 5% nonfat

dry milk in TTBS for 1 h at room temperature.

. Wash three times with the TTBS solution, each for 10 min.
10.

Develop the blot using the enhanced chemiluminescence sub-
strate and view the signal immediately using a gel imaging
system.

Quantify signals by dividing the surface SURI band intensity
(only the complex-glycosylated or “upper” band is observed
because this is the mature SUR1 form found at the cell surface)
by the upper SURI band intensity observed in the input blot
(which represents mature SURI in the secretory pathway
beyond the endoplasmic reticulum in the total cell lysate)
using Image] (see Note 17).

4 Notes

. The rat insulinoma cell INS-1 clone 823 /13 is used as a model

system here because the cell expresses endogenous Karp chan-
nels and leptin receptors [17].

. In this procedure, there are many washing steps that may result

in loss of cells. DPBS containing calcium and magnesium helps
to keep cells attached to the tissue culture plate. This DPBS
reduces cell loss during the experiment and maximizes bioti-
nylated protein signals.

. Biotin labeling solution must be prepared quickly and used

fresh as it will precipitate over time. Before preparing the
solution, the reagent powder needs to be warmed to room
temperature to avoid moisture buildup.

. We used the cOmplete™, EDTA-free protease inhibitor cock-

tail tablets from SigmaAldrich. However, other protease inhi-
bitors can also be used.

. The rabbit antiserum against SUR1 we use is not commercially

available. While other commercially available SURI antibodies
can be used, in our experience they do not work as well.

. We use ECL to detect protein signals in Western blots; how-

ever, other methods of detection such as fluorescently labeled
secondary antibodies are also suitable.

. Preincubation of cells in serum-free medium for 30 min mini-

mizes signaling events through growth factors present in the
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10.

11.

12.

13.

14.

15.

16.

17.

serum, which may interfere with the effects of leptin on Kurp
channel surface density. At this time, drugs that target-specific
molecules in the leptin signaling pathway can be added to study
how they impact surface expression of Kap channels.

. If testing the effects of drugs that interfere with leptin signal-

ing, these drugs are co-administered with leptin during this
incubation period. If testing the effects of compounds that
mimic the effect of leptin, substitute leptin with these com-
pounds for the desired durations.

It is very important to keep the cells cold to arrest membrane
trafficking events such as endocytosis. Membrane endocytosis
could allow the membrane-impermeable biotinylation reagent
to enter the cell and biotinylating intracellular proteins to
confound the results.

The washing steps prior to the biotinylation reaction are
important as it removes unhealthy or dead cells that may have
damaged plasma membranes and can lead to biotinylation of
intracellular proteins. When aspirating off culture medium or
washing solution, tilt the plate slightly and apply suction on a
corner to minimize tearing of the cell layer.

Make sure the plate is on a flat surface so that all the cells are
well covered by the solution.

We use the Bio-Rad DC protein assay kit, which is similar to
Lowry assay.

We typically use ~500 pg of proteins of each sample for affinity
purification. If you do not have enough proteins for affinity
purification, it may be necessary to combine two wells (6-well
plate) of cells.

When taking out the NeutrAvidin beads slurry, use a 1 ml
pipette tip and cut the tip so it is easier to pipet. Mix the slurry
well before pipetting.

Do not boil the sample as SURI becomes aggregated at high
temperature.

A gradient gel (4-20%) also works well and allows simulta-
neous detection of surface Kir6.2 (~40 kDa) co-purified with
the biotinylated SURI.

Treatment with 10 nM of leptin for 30 min in INS-1 cells has
been shown to increase endogenous surface Kyrp channels by
~2.5-fold as compared to control.
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Chapter 4

Nonsense-Mediated mRNA Decay of hERG Mutations
in Long QT Syndrome

Qiuming Gong and Zhengfeng Zhou

Abstract

Long QT syndrome type 2 (LQT2) is caused by mutations in the human ether-a-go-go related gene
(hERG), which encodes the Kvll.1 potassium channel in the heart. Over 30% of identified LQT2
mutations are nonsense or frameshift mutations that introduce premature termination codons (PTCs).
Contrary to intuition, the predominant consequence of LQT2 nonsense and frameshift mutations is not the
production of truncated proteins, but rather the degradation of mutant mRNA by nonsense-mediated
mRNA decay (NMD), an RNA surveillance mechanism that selectively eliminates the mRNA transcripts
that contain PTCs. In this chapter, we describe methods to study NMD of hERG nonsense and frameshift
mutations in long QT syndrome.

Key words Nonsense-mediated mRNA decay, KCNH2, Potassium channel, Long QT syndrome

1 Introduction

The human ether-a-go-go related gene (hERG or KCNH2)
encodes the Kvl1.1 potassium channel that conducts the rapidly
activating delayed rectifier current (Ix,) in the heart [1-4]. Ik, plays
an important role in controlling cardiac action potential repolariza-
tion. Mutations in hERG cause long QT syndrome type 2 (LQT2)
and more than 500 mutations have been identified in patients with
LQT2 [5-7]. Over 30% of identified LQT?2 mutations are nonsense
or frameshift mutations that introduce premature termination
codons (PTCs). These PTC mutations are generally assumed to
result in truncated dysfunctional channel proteins. However, our
recent studies indicate that most LQT2 nonsense and frameshift
mutations result in the degradation of PTC-containing hERG
mRNAs by nonsense-mediated mRNA decay (NMD) rather than
the production of truncated proteins [7-13]. NMD is an evolu-
tionarily conserved mRNA quality control mechanism that detects
and eliminates PTC-containing mRNA transcripts [14].

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_4, © Springer Science+Business Media LLC 2018
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The identification of NMD as a disease-causing mechanism of
hERG PTC mutations has important implications in genotype-
phenotype correlations in LQT2. NMD eliminates abnormal
mRNA transcripts harboring PTCs, thereby preventing the pro-
duction of truncated proteins that often have dominant-negative
eftects. Thus, NMD protects against severe disease phenotypes by
converting dominant-negative effects to haploinsufficiency [8, 15].
On the other hand, NMD could be detrimental if it prevents the
production of truncated proteins that are fully or partially func-
tional. This is exemplified in the LQT2 Q1070X mutation in which
the degradation of mutant mRNA by NMD precludes the forma-
tion of functional truncated channels, causing profound QT pro-
longation and severe ventricular arrhythmias in homozygous
subjects [9].

Our studies have shown that downstream intron splicing is
required for the degradation of hERG transcripts containing
PTCs by the NMD pathway [7, 10]. Pre-mRNA splicing results
in the deposition of a multi-protein complex, known as the exon-
junction-complex (EJC), 20-24 nt upstream of each exon-exon
junction [14]. The EJCs are displaced by the ribosome during the
pioneer round of translation. If translation terminates at a PTC that
is located 50-55 nt upstream of an exon—exon junction, the down-
stream EJC serves as a binding platform for NMD factors (such as
UPF1 and UPFE2) that trigger NMD. Many LQT2 nonsense and
frameshift mutations have been studied using hERG ¢DNA con-
structs under the assumption that PTC mutations would generate
truncated hERG channels [16-25]. Because NMD of hERG
mRNA transcripts bearing PTCs requires splicing of a downstream
intron, the effect of NMD could not be observed in the context of
cDNA constructs. Therefore, in studies of hERG nonsense and
frameshift mutations it is important to analyze the endogenously
expressed hERG mRNA from LQT2 patients or use a splicing-
competent hERG construct expressed in mammalian cells.

Here, we describe methods to study NMD of LQT2 nonsense
and frameshift mutations identified in patients with long QT syn-
drome. The first approach for studying NMD of LQT2 nonsense
and frameshift mutations is to analyze the endogenously expressed
hERG mRNA from LQT2 patients [8]. Because heart tissue from
mutation carriers is not usually available, hERG mRNA transcripts
isolated from peripheral blood lymphocytes of patients can be
analyzed. For allele-specific quantification, hot-stop PCR is used
to distinguish between WT and mutant (R1014X) alleles [8, 26,
27]. The WT allele contains a Tagl restriction site, which is
destroyed by the R1014X mutation. Following hot-stop PCR and
digestion of the PCR products with Tagl, WT and 1014X alleles
can be distinguished and quantified. Genomic DNA from patients
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Fig. 1 Diagram of the hERG minigene and the full-length hERG splicing-competent structure. The position of
normal termination codon (TER) is indicated

can be used as a control for WT and R1014X alleles. One limitation
of the hot-stop PCR method is the requirement of disruption or
creation of a unique restriction site by the disease-causing muta-
tion. Thus, the hot-stop PCR approach can only be used in a small
number of LQT2 mutations.

The second approach for studying NMD of LQT2 nonsense
and frameshift mutations is to use the hERG minigene or the full-
length hERG splicing-competent construct. The hERG minigene
contains the hERG genomic sequence spanning from exon 12 to
exon 15 (Fig. 1) [8]. The full-length hERG splicing-competent
construct is composed of hERG ¢DNA exons 1-10 and hERG
genomic DNA from intron 10 to the poly(A) site (Fig. 1) [7].
The hERG minigene and the full-length hERG splicing-competent
construct are stably transfected into HEK293 cells and expressed
mRNAs are analyzed by RNase protection assay (RPA). The hERG
channel protein can be analyzed by immunoblot in the context of
the full-length hERG splicing-competent construct. The reduction
of mutant mRNAs and proteins has been shown in several LQT2
nonsense and frameshift mutations [7-13]. To test the role of
NMD in the reduction of LQT2 mutant mRNA expression, we
use a translation inhibitor cycloheximide or the RNA interference
method to knock down UPF1, which is a key protein in the core
machinery of NMD. Inhibition of protein synthesis by cyclohexi-
mide or knockdown of UPF1 by RNA interference results in the
restoration of the mutant mRNA, suggesting that the mutant
mRNA is degraded by NMD [7-13]. Using these approaches we
have defined the positional requirements for the susceptibility of
LQT2 mutations to NMD and suggested that the majority of
reported LQT2 nonsense and frameshift mutations are potential
targets of NMD [7]. Given that nonsense and frameshift mutations
account for more than 30% of reported LQT2 mutations, the
degradation of mutant mRNA by NMD is an important disease-
causing mechanism in the pathogenesis of LQT?2.
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2 Materials

2.1 Isolations of RNA
and Genomic DNA
from Lymphocytes

2.2 Hot-Stop-PCR
Analysis of RNA and
Genomic DNA

2.3 Cell Line, Gulture
Medium, and
Transfection

. Blood collection tubes containing anticoagulant.
. RiboPure-Blood Kit for RNA Stabilization and Isolation from

Whole Blood (Ambion).

. RNAlater solution (Ambion).
. Gentra Puregene Blood Core Kit (Qiagen).

. SuperScript IIT First-Strand Synthesis System for RT-PCR (Life

Technologies).

. Forward primer in exon 13 (E13-F: 5-GCCTTCTCAGGA

GTGTCCAA-3'), reverse primer in exon 14 (El4-R:
5-GAAAGCGAGTCCAAGGTGAG-3') and reverse primer
in intron 13 (I13-R, 5-CTCCGCGCTAGAGGTGTG-3").

. Advantage 2 PCR Kit (TaKaRa).
4. Radioisotope [**P]-dCTP at a specific activity of 3000 Ci/

mmol.

. Tagl restriction enzyme.
6. 40% Acrylamide gel (acryl:bis-acryl = 19:1).
. 10x TBE (0.9 M Tris Base, 0.9 M Boric Acid and 20 mM

EDTA).

. Flp-in 293 cells (Life Technologies). The Flp-In HEK293 cells

contain the FRT site at a single genomic locus, allowing stable
integration and expression of a single copy of the hERG con-
structs via Flp recombinase-mediated DNA recombination at a
specific genomic location in all cell clones.

. Flp recombinase expression vector pOG44 (Life Technologies).

. The hERG minigene spanning exons 12—15 and the full-length

hERG splicing-competent construct composed of hERG
c¢DNA exons 1-10 and hERG genomic DNA from intron 10
to poly(A) site are used (Fig. 1) [7, 8]. Both the hERG mini-
gene and the full-length hERG splicing-competent construct
are in pcDNAS5 /FRT vector (Life Technologies).

. LQT2 mutations in the hERG minigene and the full-length

hERG splicing-competent construct are generated using the
pAlter in vitro site-directed mutagenesis system (Promega).

. Culture medium: Dulbecco’s Modified Fagle Medium

(DMEM) supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin.

. Effectene Transfection Reagent (Qiagen).
. Hygromycin.
. Cycloheximide.



2.4 RNA Interference

2.5 RNA Extraction

2.6 RNase Protection
Assay

2.7 SDS-
Polyacrylamide Gel
Electrophoresis and
Western Blot
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. Two plasmids, pSUPERpuro-hUPF1 /T and pSUPERpuro-

hUPF1 /II (obtained from Dr. Oliver Mithlemann) [28], are
used to inhibit expression of UPF1. These plasmids contain
short hairpin RNAs targeting two sequences of human UPF1
(5'-GAGAATCGCCTACTTCACT-3" for pSUPERpuro-
hUPF1/1 and 5-GATGCAGTTCCGCTCCATT-3" for
pSUPERpuro-hUPF1 /II). A plasmid, pSUPERpuro with a
scrambled sequence of hUPF1 /1, is used as a control.

2. LipofectAmine 2000 (Invitrogen).

=

10.
. UV crosslinker.
12.

0 XN

Puromycin.

RNeasy Mini Kit from Qiagen.

RLN solution: 50 mM Tris—-HCI, pH 8.0, 140 mM NaCl,
1.5 mM MgCl,, 0.5% (v/v) Noidet P-40. Just before use,
add 1 mM DTT and precool to 4 °C.

pCRII vector (Lite Technologies).
pGEM vector (Promega).
Dual Promoter TA Cloning Kit (Life Technologies).

MAXIscriptlll in vitro Transcription Kit from Ambion for
labeling probes.

Biotin-14-CTPD.

RPA III Ribonuclease Protection Assay Kit from Ambion.
40% Acrylamide gel (acryl:bis-acryl = 19:1).

Urea.

10x TBE (0.9 M Tris Base, 0.9 M Boric Acid and 20 mM
EDTA).

Positively Charged Nylon membrane.

BrightStar BioDetect Kit from Ambion for the detection of
biotin-labeled probes.

Bio-Rad Mini-Protein Electrophoresis system.

2. Bio-Rad Mini-Protein Transfer unit.

w

® N e

Cell lysis buffer: 50 mM Tris—-HCI, pH 7.4, 150 mM NaCl,
10 mM EDTA and 1% Triton x 100 (v/v) with proteinase
inhibitor cocktail (Roche).

Bio-Rad DC Protein Assay Kit.

40% Acrylamide (acryl:bis-acryl =29:1).

4 x running gel buffer: 1.5 M Tris—-HCI, pH 8.8, 0.4% SDS.
4x stacking gel buffer: 1 M Tris-HCI, pH 6.8, 0.4% SDS.
N, N, N, N'-Tetramethylethylenediamine (TEMED).
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9.
10.

11.

12.

13.

14.
15.
16.

17.

10% (w/v) ammonium persulfate.

10x Tris-glycine electrophoresis buffer: 0.25 M Tris Base,
1.92 M glycine, 1% (w/v) SDS.

6x loading bufter: 375 mM Tris—sHCI pH 6.8, 10% SDS, 30%
glycerol, 9% 2-Mercaptoethanol, and 0.03% bromophenol
blue.

Prestained protein size marker.

Transfer buffer: 20 mM Tris Base, 192 mM glycine and 10%
methanol.

PBS-T buffer: PBS containing 0.2% Tween 20.

Blocking buffer: 5% nonfat dry milk in PBS-T.

Antibodies: Anti-hERG (H175, Santa Cruz), Anti-UPF1
(obtained from Dr. Jens Lykke-Andersen) [29], Anti-

hygromycin B phosphotransferase (HPT) [30] and horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG.

ECL reagent.

3 Methods

3.1 [Isolation
of Genomic DNA from
Lymphocytes

3.2 Isolation of RNA
from Lymphocytes and
Reverse Transcription
(RT)

. Collect 5-10 ml blood samples in tubes containing

anticoagulant.

. Continue genomic DNA isolation by following the instruc-

tions of the Gentra Puregene Blood Core Kit provided by the
manufacturer.

. Measure DNA concentration by a NanoDrop UV

spectrophotometer.

. Collect 5-10 ml blood samples in tubes containing

anticoagulant.

. Centrifuge at 2000 x g for 15 min at room temperature to

separate plasma, red blood cells, and white blood cells.

. Use a disposable transfer pipette to remove the upper layer

plasma to expose a thin layer of white blood cells, and then
carefully transfer the white blood cells in a volume of about
0.5 ml or less into a 2 ml tube containing RNAlater solution.

. Continue RNA isolation by following the instructions of the

RiboPure-Blood Kit provided by the manufacturer.

. Measure RNA concentration by a NanoDrop UV

spectrophotometer.

. Use 4 pg RNA for the RT reaction with Random hexamers

tfollowing the instructions of the SuperScript III First-Strand
Synthesis System for RT-PCR provided by the manufacturer.
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. Use 4 pl of the RT reaction or about 200 ng of genomic DNA

to perform PCR in a final volume of 50 pl according to the
instructions of the Advantage 2 PCR Kit provided by the
manufacturer using primers E13-F and E14-R for RT-PCR
and primers E13-F and 113-R for genomic DNA PCR.

. Amplify as follows: incubate at 94 °C for 5 min followed by

35 cycles of 30 sat 94 °C, 30 sat 58 °Cand 30sat 72 °C,and a
final incubation of 7 min at 72 °C.

. Mix 15 pl of PCR product from above with 10 pl of labeling

mixture containing 1 pl of 10x PCR bufter, 0.2 pl of 10 pM of
E13-F forward primer, 0.2 pl of 10 pM of E14-R or I13-R
reverse primer, 0.2 pl of 10 mM dNTP, 0.3 pl of [*?P]-dCTP,
0.1 pl of Tag DNA polymerase and 8 pl of nuclease-free water.

. Run a single cycle of PCR as follows: incubate at 94 °C for

5 min, 58 °C for 30 s, and 72 °C for 7 min (se¢ Note 1).

. Digest 25 pl of [*?P] labeled PCR product with Tagl for RT-PCR

or genomic DNA PCR in a total volume of 50 pl (se¢ Note 2).

. Analyze the digested PCR products by 5% polyacrylamide gel

electrophoresis in 1x TBE buffer and autoradiography on x-
ray film.

. In order to study NMD of LQT2 PTC mutations, the hERG

minigene and the full-length hERG splicing-competent con-
struct are stably transfected into Flp-in 293 cells that contain a
single FRT genomic locus, allowing the integration of a single
copy of hERG minigene or the full-length hERG splicing-
competent construct.

. Flp-in 293 cells are grown in culture medium. When approach-

ing ~80-90% confluency, cells are passed with 0.25% Trypsin.

. To establish stable transfected cell lines, cells are seeded in a

60 mm dish one day prior to transfection. Transfection is
performed at ~60% confluency using Effectene Transfection
Reagent with the hERG minigene or the full-length hERG
splicing-competent construct (0.1 pg) and the Flp recombinase
expression vector pOG44 (0.9 pg). After two days of transfec-
tion, the cells are split into two 100 mm culture dishes and
culture medium is replaced with hygromycin B containing
medium at 100 pg/ml. The medium is changed every three
days until foci can be identified and 5-20 hygromycin B-
resistant foci are picked for expansion (se¢ Note 3).

. For inhibition of NMD by protein synthesis inhibitor cyclohexi-

mide, cells stably expressing the hERG minigene or the full-length
hERG splicing-competent construct are treated with cyclohexi-
mide (100 pg,/ml) for three hours before RNA isolation.

. For RNA extraction and Western blot analysis experiments, the

2-3 x 10° cells are seeded in 60 mm culture dishes.
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3.5 RNA Interference
of hUPF1

3.6 RNA Extraction
from HEK293 Cells

3.7 RNase Protection
Assay

1.

For RNA interference experiments, cells stably expressing the
hERG minigene or the full-length hERG splicing-competent
construct are seeded in a 100 mm dish one day prior to trans-
fection. Transfection is performed at ~60% confluency using
LipofectAmine 2000 (Invitrogen) with a mixture of 1 pg
pSUPERpuro-hUPF1 /T and 1 pg pSUPERpuro-hUPF1 /11,
or 2 pg pSUPERpuro with a scrambled sequence of hUPF1 /1
as a control.

. At 24 h post-transtection, add puromycin in cell culture at the

final concentration of 1.5 pg/ml for 48 h to eliminate the
untransfected cells. Before analysis, culture the cells without
puromycin for 24 h to avoid the potential effects of puromycin
on NMD.

. Analyze the knockdown of the UPF1 protein by Western blot.

. Completely aspirate cell-culture medium.
. Add 175 pl of ice-cold RLN solution directly to the cell culture

dish.

. Detach cells gently using a rubber policeman, and transfer to a

microcentrifuge tube. Incubate on ice for 5 min.

. Centrifuge lysate at 4 °C for 2 min at 300 x g. Transfer the

supernatant to a new tube and discard the pellet.

. Add 600 pl Buffer RLT to the supernatant and mix.

6. Add 430 pl 100% ethanol to the lysate.

. Continue the RNA isolation following the instructions of the

RNeasy Mini Kit provided by the manufacturer (see Note 4).

. Measure the RNA concentration using a NanoDrop UV

spectrophotometer.

. The RNA probe spanning the region of hERG exons 13 and 14

is amplified by PCR and cloned into the pCRII vector using the
Dual Promoter TA cloning Kit. The RNA probe for the hygro-
mycin B resistance gene is amplified by PCR and cloned into
the pGEM vector.

. The pCRII vector containing the hERG probe and the pGEM

vector containing the hygromycin B resistance gene probe are
linearized by restriction enzymes Xbal and Hindlll, respec-
tively, and then used as the templates for antisense probe syn-
thesis (see Note 5).

. The antisense probes are transcribed and labeled nonisotopi-

cally with SP6 RNA polymerase for the hERG probe or T7
RNA polymerase for the hygromycin B resistance gene probe
in the presence of biotin-CTDP using the MAXIscriptIII in vitro
Transcription Kit. The total length of the probe for hERG is
408 nt, containing 278 nt of hERG sequence and 130 nt from
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the pCRII vector at both the ends. The probe for the hygro-
mycin B resistance gene is 228 nt, containing 158 nt of the
gene and 70 nt from the pGEM vector (see Note 6).

. Following the instructions of the RPA III Ribonuclease Pro-

tection Assay Kit, 20 pg RNA is precipitated by adding 1,/10
volume of 5 M NH,OAc and 2.5 volume of 100% ethanol, and
incubated on ice for 30 min (se¢ Note 7).

. The RNA is pelleted by centrifuging at 10,000 x g for 20 min

at 4 °C, and washed with 70% ethanol. Let pellet air dry for
5 min.

. Add 600 pg of probe to the pellets, and resuspend the pellets in

10 pl of Hybridization buffer III (se¢e Note 8).

. Heat samples to 90-95 °C for 3 min to denature the RNA.
. Incubate tubes at 42 °C overnight for hybridization.
. Add 150 pl of 1:200 diluted RNase solution and incubate for

30 min at 37 °C.

Add 225 pl of RNase inactivation solution and incubate for
15 min at —20 °C.

Centrifuge for 15 min in a microcentrifuge at maximum speed
to pellet the precipitated products.

Remove all supernatant and wash the pellets with 70% ethanol.

Resuspend the pellets in 8 pl of loading buffer and incubate
3 min at 95 °C to denature the RNA.

Continue to follow the manufacturer’s instructions to prepare
a 5% acrylamide and 8 M urea gel with 40% Acrylamide (acryl:
bis-acryl = 19:1) and 10x TBE buffer using the Bio-Rad Mini-
Protein Electrophoresis system.

Load samples on the gel and run the gel in 1 x TBE butffer.

Transtfer the gel to a positively charged nylon membrane by
clectroblotting using the Bio-Rad Mini-Protein transfer unit,
and UV crosslink nucleic acids to the membrane.

Detect the biotin labeled probe by following the instructions of
the BrightStar BioDetect Kit (Ambion).

. Wash cells with PBS.

. Add 100-200 pl of ice-cold lysis bufter.

. Scrape cells and transfer to a microcentrifuge tube.
. Incubate on ice for 30 min.

. Centrifuge at 10,000 x g for 20 min at 4 °C.

. Collect the supernatant and measure the protein concentration

with the Bio-Rad DC Protein assay Kkit.
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7.

11.

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

Prepare 7.5% separation gel and 4% stacking gel with 4x run-
ning gel buffer and 4x stacking gel buffer, respectively, and
40% Acrylamide (acryl:bis-acry = 29:1), using the Bio-Rad
Mini-Protein Electrophoresis system.

. Prepare the cell lysates containing 30-50 pg protein by adding

6x loading buffer.

. Denature the cell lysates for 5 min at 85 °C.
10.

Load the samples on the gel and load a well with a prestained
protein size marker.

Run the gel at 30 mA (two gels at 60 mA) in 1x Tris-glycine
electrophoresis buffer.

Prepare the PVDF membrane by wetting it in 100% methanol
for 5 s, transferring into distilled H,O for 2 min, and then
equilibrating in transfer buffer for 5 min.

Set up “transfer sandwich” by following the Bio-Rad Mini
Transfer instructions.

Insert the sandwich into the transfer tank.
Run at 100 V for 1 h in transfer buffer.

Incubate the membrane blot in blocking buffer for 1 h at room
temperature.

Incubate with primary antibody (Anti-hERG, H175, Anti-
UPFI, or Anti-HPT) in blocking buffer overnight at 4 °C
(see Note 9).

Wash the membrane four times, 10 min each time at room
temperature with PBS-T buffer.

Incubate the blot with secondary antibody (HRP-anti-rabbit-
IgG) in blocking buffer for 1 h at room temperature.

Wash the membrane four times, 10 min each time at room
temperature with PBS-T butffer.

Prepare the ECL reagent following the manufacturer’s
instructions.

Expose the membrane to a chemiluninescence detection film.

4 Notes

. In hot-stop PCR, a single cycle of PCR is performed in the

presence of [**P]-dCTP. This ensures that only homoduplexes
incorporate *?P-labels, and any heteroduplexes formed during
previous cycles are unlabeled. Thus, hot-stop PCR prevents
detection of WT /mutant heteroduplexes, which are resistant
to restriction enzyme digestion.

Tagl is specific for the analysis of the R1014X mutation. It
digests the WT allele, but not the mutant allele. For other
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mutations, a unique restriction enzyme that can distinguish
between the WT and mutant alleles should be used.

. Transfection condition can be optimized to achieve the highest

efficiency and lowest toxicity by adjusting the cell density and
varying the amount or ratio of transfection reagent and DNAs.

. We recommend isolating cytoplasmic RNA with the RNeasy

Mini Kit.

. The orientation of the probes in the pCRII and pGEM vectors

needs to be checked by sequencing to ensure that antisense
probes are synthesized.

. Since the prematurely terminated transcription products in

probes may cause background bands in RPA, we recommend
performing denaturing polyacrylamide gel electrophoresis to
purify the full-length probe.

. The signal-to-noise ratio in the RPA should be optimized by

varying the dilution of RNase, and the amounts of probe and
RNA used. For the quantitative detection of mRNA, it is
essential that the probe is present in molar excess over the
target mRNA. Yeast RNA is used as a control for the complete
digestion of the probes by RNase.

. The hERG probe and the control hygromycin B probe can be

added to the same RNA sample for hybridization. The hERG
probe protects a 278 nt fragment and the control hygromycin
B probe protects a 158 nt fragment. The relative abundance of
the mRNA levels of wild-type and LQT2 mutants can be
quantified using Scion Image or Image] software.

. Different dilutions of antibodies can be tested for optimal

condition. Incubation of primary antibody in Western blot
can also be done for 1.5 h at room temperature. Because the
H-175 anti-hERG antibody recognizes an epitope in the N-
terminus of hERG protein, detection of full-length and C-
terminally truncated hERG proteins can be ensured. The rela-
tive protein levels of wild-type and LQT2 mutants can be
quantified using Scion Image or Image] software.
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Chapter 5

Probing Subunits Interactions in K,p Channels
Using Photo-Crosslinking via Genetically Encoded
p-Azido-L-phenylalanine

Prasanna Devaraneni, Emily A. Rex, and Show-Ling Shyng

Abstract

Potassium channels are multimeric protein complexes regulated by diverse physiological and pharmacolog-
ical ligands. The key to understanding mechanisms of channel regulation is the ability to detect structural
changes associated with ligand binding. While high-resolution structural methods such as X-ray crystallog-
raphy and single-particle cryo-electron microscopy offer direct visualization of channel structures, these
methods do have limitations and may not be suitable for the question of interest. In this chapter, we
describe the use of a photo-cross-linker unnatural amino acid, p-azido-L-phenylalanine, to probe interac-
tions between two proteins, the sulfonylurea receptor 1 and the inwardly rectifying potassium channel
Kir6.2, that form the ATP-sensitive potassium (Karp) channel complex in the absence or presence of
ligands. The difference in the extent of crosslinking between a liganded state and unliganded state can be
used as a readout of ligand-induced structural changes. We anticipate that the protocol described here will
also be applicable for other potassium channels and protein complexes.

Key words Sulfonylurea receptor, Kir6.2, Azidophenylalanine, Glibenclamide, Carbamazepine,
Membrane protein, Pharmacological chaperone

1 Introduction

Potassium channels are multimeric protein complexes that contain
two or four pore-forming potassium channel subunits and often
also contain regulatory subunits that are important for channel
trafficking and gating. Physiological and pharmacological ligands
may interact with the pore subunit, the regulatory subunit, or both
to induce conformational changes that result in changes in channel
behavior. To understand the mechanism of channel regulation, it is
important to understand structural changes associated with ligand
binding. The most direct way to detect conformational changes is
to obtain high-resolution channel structures in the absence or
presence of ligands, such as using X-ray crystallography or single-
particle cryo-electron microscopy. However, these methods require

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
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substantial resources that are not available to many researchers.
Moreover, channel proteins may need to be placed in non-
physiological environment or be mutated for stability or crystalliza-
tion. Even in cases where high-resolution structures are available,
protein regions critical for regulation may be disordered and poorly
resolved. Thus, there is a need to develop other methods to probe
structural changes in response to ligand binding.

The ATP-sensitive potassium (Kyrp) channel is a hetero-
octamer of four pore-forming inwardly rectifying potassium chan-
nel Kir6.2 subunits and four regulatory sulfonylurea receptor 1
(SUR1) subunits [1-5]. Kyrp channels are molecular sensors that
link cellular energetics to membrane excitability and are crucial for
coupling glucose metabolism to insulin secretion in pancreatic f-
cells [6]. Mutations that disrupt folding or assembly of Kir6.2 or
SURI impair channel expression at the cell surface, leading to loss
of channel function and the insulin secretion disorder congenital
hyperinsulinism [7]. Sulfonylureas such as glibenclamide are anti-
diabetic medications that bind and inhibit p-cell Kyrp channel
thereby increasing insulin secretion [6]. It has been shown that
these drugs also act as pharmacological chaperones to rescue muta-
tions that impair channel folding and assembly thereby restoring
surface expression of mutant channels [8-10]. However, it was not
well understood how binding of sulfonylureas to mutant channel
proteins restores complex formation and trafficking to the cell
surface. Interestingly, sulfonylureas only rescue trafficking defects
caused by mutations in the first transmembrane domain (TMDO) of
SURI and that the rescue effect of glibenclamide requires Kir6.2.
These observations led us to hypothesize that sulfonylureas alter
the interactions between the mutant SURI and Kir6.2 to overcome
mutation-induced folding or assembly defects.

One approach to probing structural changes in proteins is to
monitor crosslinking between two protein regions in the absence or
presence of a ligand. A change in the extent of crosslinking would
serve as evidence for ligand-induced structural changes. Crosslink-
ing can occur between pairs of cysteine residues that are in close
proximity [11, 12], or by using chemical crosslinkers that target
specific functional groups in amino acids. The former method can
work well when there is existing knowledge of the cysteine residue
pairs available. The latter method needs to be coupled with quanti-
tative mass spectrometry to identify peptides that are differentially
crosslinked in the absence or presence of ligands [13, 14]. Recent
advances in the ability to co-translationally incorporate photo-
crosslinker unnatural amino acids into proteins expressed in
mammalian cells offer a new strategy to probe protein-protein
interactions. In this case, the position of the photo-crosslinker
unnatural amino acid can be specified using the amber stop codon
suppression methodology [15], by mutating the naturally
occurring codon into an amber stop codon (also see Chapter 19
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Fig. 1 Cartoon depicting the amber stop codon suppression technology used to incorporate AzF into Kir6.2 at
specified amino acid position. For our study, we engineered the TAG stop codon into amino acid positions 12,

18, or 52

by Kim and Kurata), affording the capability to interrogate inter-
actions between regions of interest (see Fig. 1).

The use of genetically encoded photo-crosslinker amino acids,
p-azido-L-phenylalanine (AzF) and p-banzoyl-1-phenylalanine, was
pioneered by Dr. Thomas Sakmar’s group and has been used exten-
sively to study ligand binding as well as conformational and func-
tional dynamics of G-protein coupled receptors (GPCRs) and other
membrane proteins [16-23]. Several excellent review articles and
method papers have been published on this topic [18, 24, 25]. In
this chapter, we share our protocol of adapting the use of p-azido-L-
phenylalanine to monitor changes in interactions between SURI
and Kir6.2 upon exposure to a high affinity sulfonylurea drug
glibenclamide or another K4 rp channel pharmacological chaperone
carbamazepine.

2 Materials

Mutagenesis studies showed that deletion of the N-terminal thirty
amino acids of Kir6.2 diminished the ability of glibenclamide or
carbamazepine to rescue Kap channel trafficking mutants harbor-
ing mutations in the TMDO of SURI1, suggesting that this region
may be involved in ligand binding or ligand-induced structural
changes in the channel complex. Therefore, we introduced the
amber stop codon in the distal N-terminus of Kir6.2 and
monitored crosslinking to SURI in the absence or presence of



54 Prasanna Devaraneni et al.

2.1 Tissue Culture

2.2 Transfection

2.3 Harvesting Cells

2.4 Cell Lysis

glibenclamide or carbamazepine. The protocol described below
uses Kir6.2 with a TAG stop codon introduced at the amino acid
12 position to replace the codon for tyrosine (referred to as Kir6.2-
Tyr12TAG hereinafter).

1.

4-Azido-L-phenylalanine (AzF) (e.g., from Chem-Impex,
Wood Dale, IL).

. Glibenclamide and carbamazepine for pharmacological treat-

ment of cells.

. COS cell Growth Media: High glucose (4.5 g/L) + 1-Gluta-

mine DMEM, 10% Fetal Bovine Serum, 100 U /ml penicillin/
streptomycin.

4. Trypsin-EDTA 0.05%.

921

W N~

. Phosphate-buftfered-saline (PBS): 137 mM NaCl, 2.7 mM

KCl, 8 mM Na,HPOy, 1.5 mM KH,POy, adjust pH to 7.4
and filter sterilize (0.22 pM) into a sterile bottle. Store at 4 °C
and warm to 37 °C before use.

. Sterile serological pipettes.
. Sterile 35 mm tissue culture grade dishes.

. 37 °C tissue culture incubator, 5.0% CO,.

. Plasmids encoding Kir6.2 Tyr12TAG and wild-type SURI in

mammalian expression vectors (see Note 1).

. TPS136 (encodes unnatural suppressor tRNA) and TPS192

(encodes amino acyl tRNA synthetase specific for AzF) (see
Note 2).

. OptiMEM™: reduced serum media.
. FuGENE®®6 transfection reagent.
. COS cells plated in 35 mm dish (see Note 3).

. PBS containing Mg?* and Ca?*, stored at 4 °C.
. Cell scraper.

. UV lamp (365 nm) (see Note 4).

. Tabletop centrifuge prechilled to 4 °C.

. Lysis Bufter: 50 mM Tris—HCI, 150 mM NaCl, 1 mM EDTA,

1% TRITON X-100, pH 7.4, 0.22 puM filter sterilized and
stored at 4 °C.

. Mini-Protease Inhibitor (P.I.) Cocktail, EDTA.

. Carousel tube mixer.
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2.5 FLAG Pulldown

1. ANTI-FLAG M2 Affinity Gel.

2. Tris-buffered saline (TBS): 50 mM Tris—HCI, 150 mM NaCl,
pH 7.4 and filter sterilized (0.22 pM).

3. [2x] SDS-PAGE Sample Bufter: 10 mM DTT, 200 mM SDS,
20% glycerol, 25% 4 x upper gel buffer, 0.375 mM bromophe-
nol blue.

4. Lysis Buffer, same as above.

3 Methods

3.1 Preparing [2x ]
AzF Growth Media

3.2 Plating Gells

3.3 Transfection
and Adding AzF
Supplement to
Transfected Cells

Prepare AzF containing growth media 16 h prior to cell transfec-
tion by weighing 4 mM worth of AzF into an adequate volume
(1 ml—half of working volume—per 35 mm dish for a final con-
centration of 2 mM AzF) of pre-warmed growth media in a sterile
50 ml conical tube and rocking the tube gently at room tempera-
ture overnight to dissolve AzF (see Note 5).

All tissue culture media is stored at 4 °C and preheated to 37 °C
prior to any tissue culture work. All solutions and materials must be
pre-sterilized and remain so before coming in contact with cells to
avoid contamination.

1. Culture COS cells in DMEM, 10% EBS, 100 U/ml penicillin/
streptomycin in T-25 tissue culture flasks at 37 °C, 5.0% CO,.
Grow to ~70% confluency and passage (see Note 6).

2. Plate ~2.5 x 10° COS cells into each 35 mm dish in half the
working volume of vessel (1 ml) 16 h before transfection, or
enough cells to reach approximately 80% confluency the next
morning.

The following transfection procedure is adapted from Promega’s
transfection protocol, and routinely used in the lab. The listed
quantities represent volumes for one 35 mm dish; scale volumes
as necessary for varying vessel sizes or total sample amounts. When
possible, make a master mix to ensure equal exposure to transfec-
tion complexes per sample. Both the FuGENE6® and DNA are
diluted in pre-warmed serum-reduced media, OptiMEM, and
prepared under sterile conditions at room temperature.

In the absence of any TPS plasmids or AzF, Kir6.2 is truncated
with only 11 N-terminal amino acids translated. A successful read-
through results in expression of full-length Kir6.2 (see Fig. 2).
Before supplementing the cells with the AzF media, allow a mini-
mum incubation of 5 h for the transfection to take place. This
ensures adequate read-through of the genetically engineered
amber stop codon, and the orthogonal pair of tRNA and aminoacyl
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3.4 Pharmacological
Treatments

O O O

Kir6.2 - WT A3 agtP P

AE & & R ® A = F
] kD
SUR'S) g ] 0 i g o = 150
Kir6.2| ~ #8[F .. o T8l=37

Fig. 2 Western blots showing complete translation of the Kir6.2-TAG cDNAs in
the presence of AzF. Correct channel assembly is indicated by the upper,
complex-glycosylated band of co-expressed SUR1 (solid circle; the lower,
core-glycosylated band is indicated by the open circle). Western blots of wild-
type Kir6.2 and SUR1 co-expressed in COS cells are shown on the left as
controls. Adapted from Devaraneni et al. [26]

tRNA synthetase specific for AzF. Again, limit light exposure to the
cells and media upon AzF supplementation.

1. The following morning, prepare 50 pl of OptiMEM and dilute
the FuGENE®6 transfection reagent for approximately a 1:2
DNA-to-FuGENE®6 mixture (6 pl per 35 mm dish). Thor-
oughly mix and incubate at RT for at least 5 min.

2. Separately, prepare another 50 pl of OptiMEM and add 1 pg of
the Kir6.2 Tyrl12TAG DNA, 0.5 pg of SUR1 DNA, 1 pg of
TPS136, and 0.2 pg of TPS192. Mix well and incubate for at
least 5 minutes at room temperature (se¢ Note 6).

3. Combine dilutions and thoroughly mix. Incubate for 20 min at
room temperature.

4. Add mixture dropwise to cells, rocking the plate gently to
ensure equal distribution of transfection mixture, and incubate
at 37 °C, 5.0% CO, for 5-7 h.

5. After the preliminary incubation, add the additional half work-
ing volume of media supplemented with [2x] AzF into the
dish. With the volume now adjusted to its working standard,
the final concentration of AzF is 2 mM.

6. Rock media gently to blend the media together.

7. Continue the incubation at 37 °C, 5.0% CO,. Harvest cells
48 h post transfection.

COS cells are exposed to various pharmacological treatments
16-20 h prior to harvesting (see Note 7). In this case, we treat
cells with 5 pM glibenclamide (diluted from 5 mM stock in DMSO)
or 10 pM carbamazepine (diluted from 10 mM stock in DMSO);
both glibenclamide and carbamazepine are Kapp channel pharma-
cological chaperones that can increase the biogenesis efficiency of
wild-type channels and also correct channel-processing defects
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3.5 Harvesting Gells
for UV Exposure

3.6 CGell Lysis

3.7 FLAG Pulidown

caused by mutations in TMDO of SURI [8, 9]. Reserve two dishes
as vehicle-treated samples (e.g., 0.1% DMSO)—one undergoes UV
exposure while the other serves as a control.

If so desired, the pharmacological compounds may be included
throughout the harvesting procedure to continually expose the
protein to the chemical agents. All the subsequent steps hereafter
are performed on ice or at 4 °C, unless noted otherwise.

When exposing the cells to UV light, arrange each vessel equi-
distantly under the UV lamp to ensure every dish has uniform UV
exposure. Keep cells on ice and perform photo-crosslinking at 4 °C
if possible to reduce heating up samples. If necessary, create a
chamber enclosing the lamp and the samples to limit any contam-
inating light.

1. Aspirate media.

2. Rinse cells twice in 1 ml of ice-cold PBS to remove media and
aspirate.

3. Scrape cells in 1 ml of PBS and gently pipette to make uniform
cell suspension (see Note 8).

4. Leave on ice (with or without compound) for 10 min to
equilibrate.

5. Set up the vessel under UV and expose the cells for 20 min in
4 °C (see Note 9).

6. Carefully transfer the cells after UV exposure into prechilled
1.3 ml Eppendorf tube. Gently centrifuge at low speed
(<1000 x g) for 5 min at 4 °C.

7. Aspirate PBS.

STOPPING POINT: Flash freeze pellet and store at —80 °C, thaw
on ice when ready to use. For immediate use, keep on ice and
continue protocol.

1. Resuspend cell pellet in 150 pl of lysis buffer + complete P.1.

2. Lyse cells by performing end-over-end mixing at 4 °C for
30 min.

3. Spin at 14,000 rpm (~9,000 x g) in a table top centrifuge for
20 min 4 °C.

4. Transfer lysate into a fresh prechilled 1.5 ml Eppendorf tube.

The FLAG octapeptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) is
located on the N-terminal region of the sulfonylurea protein
(SURI) (see Note 10). The anti-FLAG M2 affinity resin is stored
at —20 °C and supplied in a 50% glycerol suspension. This protocol
elutes the immunoprecipitated protein directly off the beads at
room temperature using [2x] SDS-PAGE sample buffer in the
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presence of a reducing agent; therefore, the resin is disposed of after
a single use.

1.

2.

Invert the anti-FLAG M2 affinity resin bottle to uniformly
distribute beads in slurry.

Extract appropriate aliquot with a wide-mouthed pipette tip
(~10 pl of packed gel volume, ~20 pl slurry, binds >1 pg
FLAG-tagged protein).

. Rinse resin aliquot in 20x the volume with TBS and spin for

30 s at 14,000 rpm (~9,000 x g) to remove glycerol. Let beads
settle for 30 s and then aspirate. Repeat washes 3 x.

4. Thoroughly resuspend packed gel beads in lysis bufter.

11.

12.

13.

. Add equal volumes of thoroughly resuspended gel beads to

each sample of cell lysate.

. End-over-end mix samples for 5 h or overnight at 4 °C.

. Centrifuge the sample for 30 s at 14,000 rpm (~9,000 x g)in a

tabletop microfuge. Carefully remove the supernatant with a
narrow-tip pipette to avoid discarding any beads.

. Wash resin three times in Lysis Buffer in 20x the bead volume.
. Remove all supernatants.
10.

Elute protein in [2x ] SDS-PAGE sample buffer in a volume
equal to the resin. Incubate at room temperature for 10 min,
agitating samples every few minutes.

Centrifuge the sample for 30 s at 14,000 rpm (~9,000 x g4) to
settle beads.

Transfer elution to a new tube, and samples are ready for
loading on a SDS-PAGE gel. Analyze by immunoblotting
against the FLAG peptide or Kir6.2.

One should observe a crosslinked SURI1-Kir6.2 band that is
recognized by anti-FLAG antibody and anti-Kir6.2 antibody
and that the intensity of the crosslinked band is higher in

glibenclamide or carbamazepine-treated samples than in con-
trol sample treated with 0.1% DMSO (see Fig. 3).

4 Notes

. For expression of Kap channels, both Kir6.2 and SURI are

needed. Successful assembly and maturation of the channel
complex can be discerned by the presence of the complex-
glycosylated SURI band on SDS-PAGE (see Fig. 2).

. TPS136 (encodes unnatural suppressor tRNA) and TPS192

(encodes amino acyl tRNA synthetase for AzF) are generous
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Fig.

3 Glibenclamide (GBC; 5 uM) and carbamazepine (CBZ; 10 puM) overnight

treatment significantly increased photocrosslinking of Kir6.2Y12AzF to SURT1
upon UV exposure. Right: Quantification of crosslinked SUR1 as a percentage
of total SUR1 signal. *p < 0.001, n = 4. Adapted from Devaraneni et al. [26]

gifts from Dr. Thomas Sakmar. These plasmids are essential for
the experiments.

. The adherent COS cell line, a derivative of African Green

Monkey Kidney cells, requires passage every 2-3 days upon
reaching ~70% confluency (from a 1:10 dilution). Ensure the
cells are well maintained and frequently passaged to optimize
experimental results. Other mammalian cell lines that do not
express channels of interest can be used as alternative expres-
sion systems.

. AzF is activated by 365 nm light. UV lamps with different

wavelengths may affect the efficiency of crosslinking.

. Ensure the 4-azido-L-phenylalanine (AzF) is shielded from

direct light at all times and apply the sterile technique when
preparing the solution. We found that rocking the solution
overnight at room temperature is the easiest way to dissolve
AzF.

. To express amber stop codon containing Karp channel, we

need to co-transfect four different plasmids, two for the chan-
nel subunits and two for the orthogonal pair of tRNA and
tRNA synthetase. The amount of FuGENE®6 (or other com-
parable transfection reagents) and plasmids used need to be
systematically tested for optimal expression of AzF-containing
channels without sacrificing cell viability.

. Depending on the induction rate of the pharmacological chem-

ical in question, treat cells according to the predetermined
concentration and exposure duration. For our purposes, select
dishes are often treated with a predetermined concentration of
an agonist (channel activator), an antagonist (channel blocker),
or is vehicle-treated to observe the crosslinking responses to
the various agents. The addition of such compounds is done
under sterile conditions and with limited exposure to light.
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8

10.

. UV light exposure is done with cells scraped off from the

bottom of the culture dish. This likely maximizes exposure
and improves crosslinking efficiency.

The duration of UV light exposure should be tested for optimal
results. Exposure for too long may increase background while
too short may decrease signal.

In our study, the stop codon is placed in Kir6.2 and channels
affinity purified via the FLAG-tag at the N-terminus of SURI
after cell lysis for detection. Because there is also FLAG-tagged
SURI that is not complexed with Kir6.2, the cross-linked
SURI1-Kir6.2 species is only a fraction of the affinity purified
SURI, thus the signal of the crosslinked band tends to be
weaker than if the stop codon is introduced in SURI. This
should be taken into consideration when designing experi-

ments for channels containing different protein subunits.

We are grateful to Dr. Thomas Sakmar for the suppressor tRNA
plasmid and the plasmid of tRNA synthetase specific for p-azido-1-
phenylalanine, and for valuable advice. This work was supported by
National Institutes of Health grant RO1DK066485.
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Chapter 6

Hyper-SUMOylation of K™ Channels in Sudden Unexplained
Death in Epilepsy: Isolation and Primary Culture

of Dissociated Hippocampal Neurons from Newhorn

Mice for Subcellular Localization

Xu Chen, Shanshan Zhang, Jifang Huang, Wanying Dong, Hui Xiao,
Huanjie Shao, Jinke Cheng, Hongmei Wu, and Yitao Qi

Abstract

The physiological characteristics of rat and murine hippocampal neurons are widely studied, especially
because of the involvement of the hippocampus in learning, memory, and neurological functions. Primary
cultures of hippocampal neurons are commonly used to discover cellular and molecular mechanisms in
neurobiology. By isolating and culturing individual hippocampal neurons, neuroscientists are able to
investigate the activity of neurons at the individual cell and single synapse level, and to analyze properties
related to cellular structure, cellular trafficking, and individual protein subcellular localization or protein-
protein interaction using a variety of biochemical techniques. Conclusions addressed from such research are
critical for testing theories related to memory, learning, and neurological functions. Here, we will describe
how to isolate and culture primary hippocampal cells from newborn mice. The hippocampus may be
isolated from newborn mice in as short as 2 min, and the cell cultures can be maintained for up to
2 weeks, and then ready for investigation of subcellular localization of K* channel proteins and interaction
with SUMO-specific protease 2 (SENP2). The protocol provides a fast and efficient technique for the
culture of neuronal cells from mouce hippocampal tissue, and will ensure the immunocytochemistry
detection of subcellular localization or protein-protein interactions in neurological research.

Key words Hippocampal neuron, Newborn mice, Isolation, Primary culture, Channel protein,
Sudden unexplained death in epilepsy (SUDEP), Small ubiquitin-like modifier (SUMO), SUMO-
specific protease 2 (SENDP2)

1 Introduction

It has been estimated that the rate of sudden death is 20-fold higher
in epilepsy patients than in the general population, and sudden
unexplained death in epilepsy (SUDEP) represents the most com-
mon epilepsy-related cause of death [1]. Among those epileptic
conditions linked to channelopathies, mutations in potassium
channel subunits represent the largest category [2]. Small
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ubiquitin-like modifier (SUMO) covalently modifies a large num-
ber of cellular proteins, and can be reversed by a family of SUMO-
specific proteases (SENPs) [3]. SENP2 is involved in embryonic
development [4] and myogenesis [5], as well as regulation of
M-current and that reversing SUMOylation of potassium channels
may present a new approach for treating patients with SUDEP [6].
Hippocampal neuron cultures have been applied in neurobiol-
ogy for many years, and have proven to be the most popular
method due to the relatively simple architecture of the nerve cell
population in the hippocampus [7]. The hippocampus has been
implicated in both spatial and contextual learning [8] and memory
[9]. Growth of primary cultures from the hippocampus can allow a
correlation between subcellular biological events and their effects
on learning and memory. The ability to isolate and culture primary
hippocampal neurons under serum-free conditions facilitates tigh-
ter control of neuronal studies, including protein localization and
interaction. Some serum-free media and supplements allow for the
low-density neuronal cultures, which in turn enables the study of
individual neurons and synapses [10]. We applied this method to
obtain specific mouse hippocampal neurons for the detection of
protein subcellular localization and protein-protein interactions
[6]. This chapter details the isolation and culture of hippocampal
neural cells from newborn mice in serum-free media and supple-
ments. This technique has the potential to bridge the gap between
in vivo and in vitro studies in adult mice, and could be a much
needed tool for studying adult mouse neuronal regeneration,
aging, and cell patterning, as well as in vitro drug-screening.

2 Materials

Prepare all solutions with ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature unless
indicated otherwise. Diligently follow all waste disposal regulations
when disposing waste materials.

1. CMF-HBSS buffered with 10 mM HEPES: To prepare
1000 mL, add 100 mL 10x CME-HBSS into 900 mL water.
Then add 2.383 g HEPES and titrate pH to 7.1 with NaOH.

2. 2.5% (weight/volume) papain, prepare just before use
(see Note 1).

3. Borate buffer: To prepare 40 mL of 0.1 M borate buffer at
pH 8.5, mix 124 mg boric acid and 190 mg sodium tetraborate
in 40 mL water.

4. Poly-p-lysine solution, 1 mg/mL, dilute in borate buffer to a
final concentration of 50 pg/mL. To prepare 50 mL of 50 pg/
mL poly-p-lysine, add 2.5 mL of 1 mg/mL poly-p-lysine to
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47.5 mL borate buffer, then filter sterilize and store in a 15 mL
conical tube.

. Laminin solution, 1 mg/mL, dilute in water to a final concen-

tration of 5 pg/mL. To prepare 5 mL of 5 pg/mL laminin, add
25 pL of 1 mg/mL laminin into 4.975 mL sterile water, then
filter sterilize and store in a 15 mL conical tube.

. Neurobasal A/B27 /Glutamax-I media: To prepare 250 mL,

pour 242.5 mL Neurobasal A media into a filter-sterilizing
apparatus, add 5 mL 50x B27 solution, 2.5 mL 100x
Glutamax-I solution (just before use, unstable), add penicil-
lin/streptomycin (half of normal, because no serum), then
filter sterilize (see Note 2).

. Formaldehyde: 16%, methanol free, Dilute 1 in 4 in 1x PBS to

make a 4% formaldehyde solution (se¢ Note 3).

. Blocking Buffer: (1x PBS/5% normal serum/0.3% Triton X-

100): To prepare 10 mL, add 0.5 mL normal serum from the
same species as the secondary antibody and mix well. While
stirring, add 30 pL Triton X-100.

. Antibody Dilution Buffer: (1x PBS/1% BSA/0.3% Triton X-

100): To prepare 10 mL, add 30 pL Triton X-100 to 10 mL 1 x
PBS. Mix well and then add 0.1 g BSA, mix.

3 Methods

3.1 Preparation of
Coverslips

. Rinse coverslips serially in water, 70%, 95% and then 100%

ethanol alcohol three times each (see Note 4).

. Two days before dissection, remove any remaining droplets by

rinsing in 100% ethanol, then air-dry individually in 6-well
dish.

. At least 2 days before dissection, coat coverslips with 100 pL

poly-D-lysine. When properly cleaned, the coverslips are very
hydrophilic and this small volume will spread evenly over the
entire surface. The hydrophobicity of the bacteriological plate
will prevent the solution from spreading onto the dish. Let it
stand for 12-24 h at room temperature, covered to protect the
dishes from evaporation.

. Remove the poly-p-lysine solution and rinse with sterile water

for 2 h (see Note 5).

. Remove the rinse solution and add 100 pL laminin with a

concentration of 5 pg/mL. Let it sit for 2 h. Rinse once with
sterile water for 2 h.

. Remove the rinse solution and add 2 mL Neurobasal A/B27

medium. Place the dishes in a CO , incubator (se¢ Note 6).



66 Xu Chen et al.

3.2 Preparation for
Dissection

3.3 Isolation of
Cerebral Cortex and
Hippocampus

3.4 Digestion (Divide
Reagents by Total
Number of Animals
Being Dissected)

. Thaw Fetal Bovine Serum (FBS) and papain, place in hood with

a 15 mL conical tube.

. Pour 10 mL 95% ethanol in 60 mm Falcon dish next to the

dissecting microscope.

. Make sure proper tools are next to the dissecting microscope.
. Ensure 4 °C filtered and HEPES buffered CMF-HBSS is avail-

able at the dissecting microscope and in the hood. Prepare
60 mm Falcon dishes next to the dissecting microscope.

. Prepare a 15 mL conical tube, P1000 and P200 pipettes in

hood.

. Set temperature of water bath incubator to 37 °C.

. Prepare 1.5 mL eppendorf tubes for collecting tails for geno-

typing if needed.

. Prepare bag for disposal of mouse fetus after dissection.

. Place a single-mouse pup on PO in 60 mm dish with 95%

ethanol for 2-3 s, and then place on ice for 5-10 s until move-
ments slow (see Note 7).

. Use long scissors to decapitate, and place the head in ice-cold

CME-HBSS in 60 mm Falcon dish. Cut tail if genotyping is
needed.

. Dissect the brain and place in fresh CMF-HBSS in 60 mm

Falcon dish (see Note 8).

. Transfer to fresh CMF-HBSS in 60 mm Falcon dish to dissect

out the entire cerebral cortex.

. Hippocampus were removed rapidly under stereomicroscopic

observation, and cut it into small pieces.

. Move to laminar flow hood, and transfer each set of hippocam-

pus to a separate 15 mL conical tube.

. Bring volume to 4.5 mL level with fresh ice-cold CME-HBSS.

. Add 0.5 mL of 2.5% papain and incubate for 15 min in a water

bath at 37 °C.

2. Add 0.5 mL FBS to neutralize papain.
. Gently remove papain/FBS solution, leaving cells at the bot-

tom of the tube.

. Add 5 mL CMEFE-HBSS and let it stand for 5 min at room

temperature.

. Repeat steps 2—4 twice, but bring the final volume to 2-3 mL.

6. Dissociate with a fire-polished Pasteur pipette in the presence

of DNase I until there are no chunks of tissue left (se¢ Note 9).
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. Count cells with hemocytometer and adjust the density to

about 1-1.5 million cells/mL.

. The cells were plated at a density of 2 x 10* cells on 12 mm

glass coverslips previously coated with poly-p-lysine and lami-
nin and maintained in Neurobasal A medium (se¢ Note 10).

. Incubate for 1 h at 37 °C and 5% CO, (see Note 11).

. Transfer coverslip to a well containing 0.4 mL. Neurobasal A/

B27 media.

. Rinse coverslips twice with Neurobasal A/B27 media.

. Two hours after plating, the medium was removed and a fresh

Neurobasal A/B27 medium was added. The hippocampal neu-
rons were cultured in Neurobasal A supplemented with 2% B27
and 1% Glutamax-I in a humidified atmosphere containing 5%
CO; at 37 °C. Add 0.4 mL of growth medium (Neurobasal A/
B27 medium with 5 ng/mL FGF2, se¢e Note 12).

. Incubate at 37 °C and 5% CO, for up to 14 days.

. If incubating for more than 4 days, subsequent feeding

occurred twice weekly, half the medium should be replaced
with B27/Neurobasal A with 10 ng/mL FGF2 and 5 pM
AraC every 4 days (see Note 13). The neurons will be ready
for further experiments at DIV (days in vitro) 14.

. Aspirate cell culture media, then cover cells to a depth of

2-3 mm with 4% formaldehyde diluted in warm PBS (see
Note 14).

. Allow cells to fix for 15 min at room temperature.

. Aspirate fixative, rinse three times in 1x PBS for 5 min each.

. Block specimen in blocking buftfer for 60 min (se¢ Note 15).

. While blocking, prepare primary antibody by diluting as indi-

cated on datasheet in antibody dilution buffer.

. Aspirate blocking solution, apply diluted primary antibody, and

Incubate overnight at 4 °C.

. Rinse three times in 1 x PBS for 5 min each.

. Incubate specimen in fluorochrome-conjugated secondary

antibody diluted in antibody dilution buftfer for 1 h at room
temperature in the dark.

. Rinse three times in 1 x PBS for 5 min each.
10.

Incubate cells with DAPI (DNA stain) for 1 min, and then
rinse with PBS.

Mount coverslip with a drop of mounting medium.

Seal coverslip with nail polish to prevent drying and movement
under a microscope (see Note 16), and then examine by con-
focal laser scanning microscopy (Fig. 1).
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SENP2** SENP 2NN
SENP2

DAPI

Kv1.1

DAPI

Kv7.2

Fig. 1 SENP2 colocalizes with Kv1.1 and Kv7.2 in hippocampal neurons. Neurons from the brains of SENP2* "
and SENP2*V™N mice were cultured for immunocytochemistry with SENP2 (green) and Kv1.1- (red) or Kv7.2
(red)-specific antibodies. DAPI (blue) was used to show nuclei. Bars in all panels are 5 mm

1. Once harvested, hippocampal tissue usually will be treated with
a dilute trypsin solution to dissociate adherent cells. However,
prolonged exposure to higher concentrations of trypsin can be
detrimental to cell subculture. In the current protocol, we used
papain as an alternative enzyme, because it has been proven to
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be more effective and less destructive with certain tissues such
as retinal neurons [11]. Once hippocampal tissue is isolated,
gentle dissociation of neuronal cells is achieved with a dilute
concentration of papain and mechanical disruption designed to
separate cells from connective tissue while providing minimum
damage to individual cell. Papain need to be prepared just
before use.

The concentration of penicillin /streptomycin should be half of
normal usage, because there is no serum in the culturing media.

. The formaldehyde needs to prepare fresh and store in opened

vials at 4 °C in the dark.

It is easier to handle coverslips using fine forceps, for example,
Dumont No. 5.

. The poly-p-lysine-treated coverslips should not dry during

these steps.

The dishes with coverslips can be stored in a CO, incubator for
several days before use.

. Hippocampal neuronal cultures were prepared from 1-day-old

mouse pups.

. The tissue should remain submerged at all times, and the whole

process should be done once.

Cell dissociation is followed by trituration of the tissue, and this
has proven to be the most important step in consistent neuro-
nal culture. We used fire-polished Pasteur pipette with a
smoother surface to reduce mechanical damage to cells as
they pass through. The speed and force of trituration through
the pipette is of major importance. Appropriate number of
times to pass the tissue through the pipette will result in suffi-
cient numbers of neurons without resulting in gross damage to
the population.

Optimal plating densities need to be optimized to maximize
successful cell culture. If neuron density is too low at plating,
cell growth will likely not be sufficient as plating density
is an important variable in the propagation of the cell popula-
tion [12].

We recommend using a 6-well plate for neuron plating.

In serum-supplemented media, glial cells continue to multiply,
necessitating the use of cytotoxic mitotic inhibitors. Serum also
contains unknown and variable levels of growth factors, hor-
mones, vitamins, and proteins. In this protocol, we use Neu-
robasal media with B27 supplement for growth of neurons in a
serum-free environment. It is advantageous to optimize
growth of healthy neurons and minimize the growth of non-
desired cell types, such as astrocytes and glial cells.
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13. As mentioned, glial cells contamination may still occur during
hippocampal neuron isolation. It is possible to reduce glial cell
contamination by treatment with cytosine arabinoside (AraC)
at early time points in the culture [13, 14]. AraC can be used as
an anti-mitotic agent to reduce the population of non-
neuronal cells capable of DNA synthesis. However, to avoid
possible toxic effects of treatment on neurons, it should be
used at its lowest effective dose (5 pM) and not added until
4 days of culture [15]. Another option would be the use of 5-
fluoro-2'-deoxyuridine (FUdR) treatment to decrease the pro-
portion of fibroblastic-reactive microglial cells [11].

14. Formaldehyde is toxic, use only in a fume hood.

15. All subsequent incubations should be carried out at room
temperature unless otherwise noted in a humid light-tight
box or covered dish/plate to prevent drying and fluorochrome
fading.

16. For best results, allow mountant to cure overnight at room
temperature. For long-term storage, store slides flat at 4 °C
protected from light.
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Chapter 7

Simultaneous Real-Time Measurement of the p-Cell
Membrane Potential and Ca®* Influx to Assess the Role
of Potassium Channels on p-Cell Function

Nicholas C. Vierra, Matthew T. Dickerson, Louis H. Philipson,
and David A. Jacobson

Abstract

Stimulus-secretion coupling in pancreatic p-cells requires Ca®* influx through voltage-dependent Ca**
channels, whose activity is controlled by the plasma membrane potential ( V;,). Here, we present a method
of measuring fluctuations in the p-cell V;, and Ca®* influx simultaneously, which provides valuable infor-
mation about the ionic signaling mechanisms that underlie insulin secretion. This chapter describes the use
of perforated patch clamp electrophysiology on cells loaded with a fluorescent intracellular Ca®* indicator,
which permits the stable recording conditions needed to monitor the V,, and Ca?* influx in B-cells.
Moreover, this chapter describes the protocols necessary for the preparation of mouse and human islet
cells for the simultaneous recording of V,, and Ca** as well as determining the specific islet cell type assessed
in each experiment.

Key words Calcium imaging, Pancreatic -cell, Membrane potential, Potassium channels, Fluo-4 AM

1 Introduction

In electrically excitable insulin-secreting p-cells, Ca®* influx
through voltage-dependent Ca®* channels (VDCCs) initiates
stimulus-secretion coupling. Elevations in blood glucose and
other nutrients accelerate p-cell metabolism, increasing the ATP:
ADP ratio. This results in Karp channel inhibition and V,,, depolar-
ization, which triggers VDCC opening and action potential firing
[1]. Thus, B-cells transduce nutrient metabolism into an electrical
signal that stimulates Ca?* influx and insulin secretion. Electrical
excitability of human B-cells is modulated by the orchestrated
function of several ion channels, which include VDCCs, voltage-
gated Na® channels, as well as a number of K* channels (e.g.,
voltage-gated K* (K,) [2], Ca**-activated K* (Kc,**) [3], and
two-pore domain (K2P) [4, 5] channels). K" channels regulate

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_7, © Springer Science+Business Media LLC 2018
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the frequency and amplitude of glucose-stimulated oscillations in
B-cell electrical activity and cytosolic Ca®* (Ca**.), which are impor-
tant determinants of insulin secretion. Because electrical excitability
stimulates activation of VDCCs, simultaneous measurement of Ca*
" and B-cell V7, allows us to correlate how electrical activity influ-
ences Ca" influx in single cells as well as across intact whole islets.
Here, we describe the use of Ca®* indicators to examine rapid
changes in Ca®*, concurrently with measurements of the V. As
demonstrated in Fig. 1, this technique allows the investigator to
assess how changes in factors which regulate action potential firing
(e.g., in response to manipulation of K™ channel function) affect
p-cell Ca** influx.

Live-cell imaging of intracellular Ca** has contributed enor-
mously to understanding basic cellular processes in a broad range of
tissues. By using the appropriate Ca®* indicator and detection
methods, it is possible to define how individual cells or groups of
cells tune Ca®* signals to modulate physiological outputs. Since
their introduction more than 30 years ago [6], synthetic Ca**-
sensitive fluorescent indicator dyes have been widely used to inves-
tigate the molecular mechanisms that control cellular Ca®* signals.
Based on the spectral and Ca®*-buffering characteristics of these
dyes, investigators can measure fast changes in Ca®* (e.g., action
potentials), or use time-lapse imaging to determine changes in
absolute Ca** levels. More recently, genetically encoded Ca** indi-
cators (GECIs) have enabled measurement of Ca®* signals in spe-
cific organelles such as the endoplasmic reticulum (ER) and
mitochondria [1, 7], as well as Ca®* changes of specific cells within
a heterogeneous population (e.g., a-cells of the pancreatic islet
[8]). Although we focus here on the use of dyes for these types of
experiments, the described approaches are amenable to use with
GEClIs.

Accurate measurement of the V,, using patch clamp electro-
physiology in f-cells requires intact cytosolic components that are
lost using traditional whole-cell ruptured patch techniques. There-
fore, it is necessary to use the perforated patch configuration, which
preserves cytosolic elements required for regenerative action poten-
tial firing in p-cells. For this purpose, we include the pore-forming
antifungal agent, amphotericin B [9], in the patch pipette solution,
which causes perforations in the cellular membrane within the
patch pipette tip. These perforations allow monovalent cations to
equilibrate across the patch, permitting excellent recordings of
p-cell electrical activity. In combination with Ca®*. measurements,
it is possible to assess how changes in the p-cell Vj, affect Ca**
influx. For example, with pharmacological inhibitors of K" chan-
nels, it is possible to resolve Ca?* influx due to single-action poten-
tials [3]. These data allow the investigator to dissect the ion
channels that coordinate f-cell action potential firing. Although
VDCC activity is required for insulin secretion, p-cell Ca®*. levels
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Fig. 1 Simultaneous monitoring of B-cell electrical activity and islet Ca®* influx.
(a) Representation of a Fluo-4-loaded islet attached to a glass coverslip, with an
electrode recording the I, of an islet cell in perforated-patch whole cell current
clamp mode. The islet is exposed to constant 488 nm light through a 20x
objective and the emission signal at 520 nm is monitored with a PMT and
sampled at 10 kHz. The electrode is used to monitor electrical activity in whole
cell perforated-patch current clamp mode at 20 kHz. (b) Representative
recording of Ca%* influx measured from the bottom of an intact C57BI6 mouse
islet simultaneously with a I, recording of a pB-cell on the top of the islet in
response to the indicated glucose stimulation. (¢) Representative recording of
Ca** and I, from a Kv2.1 knockout C57BI6 mouse islet in response to the
indicated glucose stimulation
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Fig. 2 Simultaneous monitoring of islet Ca?* and V, in response to GLP-1 receptor activation. Simultaneous
monitoring of B-cell electrical activity (top portion of each panel) recorded from an intact whole islet in
response to 200 uM tolbutamide and 2 mM glucose with (black line) and without 100 nM liraglutide (GLP-1
analogue), with fast-acquisition Ca2* traces recorded from the entire islet (lower portion of each panel). The
islets were loaded with Fluo-4AM and imaged at 10 kHz. Inset lines represent the section of the top tracings

expanded below

are also influenced by Ca** release from intracellular stores, primar-
ily the ER. Thus, simultaneous measurement of the V;, and Ca?*.
has also revealed important information about the mechanisms of
p-cell Ca?* influx [10]. Therefore, this technique permits examina-
tion of various stimuli that impact p-cell Ca**. with concomitant
assessment of their effects on the V;, (see Figs. 1 and 2).

2 Materials

2.1 Islet Isolation

1. Islet isolation buffer (500 mL): 1x HBSS, divalent-free,
10 mM HEPES, 1 mM MgCl, (pH 7.4 with NaOH), (sterilize
by autoclave); prior to use, add 1.25 mM CaCl,, 5 mM glu-
cose, and 0.2 mg/mL BSA (this forms modified islet buffer,
MIB); MIB supplemented with 10% fetal bovine serum,
7.5 mL per pancreas.

2. Collagenase P solution: prepare 0.25-0.5 mg/mL collagenase

P (collagenase strength varies by lot, thus optimal concentra-
tion must be determined experimentally) in cold MIB (without
FBS), 10 mL per pancreas.



2.2 Islet Culture

2.3 Imaging and
Electrophysiology:
Solutions

2.4 Imaging and
Electrophysiology:
Equipment
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. 5 mL syringe and needle (30 G x % in.).

. Histopaque-1077, warmed to room temperature.

. Serological pipettes (2 and 5 mL) and pipettor.

. 15- and 50 mL conical centrifuge tubes.

. Glass Pasteur pipettes, 230 mm (e.g., Wheaton #357335).
. Water bath set to 37 °C.

. Wrist-action shaker (e.g., Burrell Model 75).

10.

Centrifuge capable of accommodating 15- and 50 mL Falcon-
style centrifuge tubes (e.g., Eppendorf 5810R).

Falcon 60 mm petri dishes.
Inverted tissue culture microscope (e.g., Olympus CK2).

Adjustable volume micropipettes capable of pipetting 20, 200,
and 1000 pL (e.g., Gilson Pipetman P20, P200, P1000).

. Poly-p-lysine coated 35 mm glass-bottom dishes (CellVis

#D35-14-1.5-N).

. 0.05% Trypsin-EDTA.

. Versene solution.

. 1.5 mL Eppendorf tubes.

. Islet culture medium: RPMI 1640 supplemented with 15%

fetal bovine serum (FBS), 100 IU/mL penicillin, and
100 mg/mL streptomycin.

. Cell culture incubator (37 °C, 5% CO,).

. Krebs-Ringer-based buffer containing (in mM): 119 NaCl, 2.5

CaCl,, 4.7 KCl, 25 HEPES, 1.2 MgSO,4, 1.2 KH,POy,
(pH 7.35 with NaOH); glucose added as needed.

2. Fluo-4AM (Molecular Probes), dissolved in DMSO (1 pg/pL).

. Intracellular recording solution containing (in mM): 140 KCl,

5 HEPES, 1 EGTA, 0.5 CaCl,, (pH 7.22 with KOH); supple-
mented with ~0.025 mg/mL amphotericin B.

. An inverted microscope equipped with at least a 20 x objective

(e.g., Nikon Eclipse TE2000-U).

2. An object marker (e.g., Nikon MBW10020).

w

N O\ U

. Borosilicate glass capillaries (e.g., World Precision Instruments

#1B150F-4).

. Micropipette puller (e.g., Sutter P-97).

. 1 mL syringe (e.g., BD #309659).

. Needle for filling patch pipettes (e.g., WPI #MF28).
. Micromanipulator (e.g., Burleigh PCS-5000).
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2.5 Post-staining
of Islet Cells

12.

13.

14.
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. Patch clamp amplifier (e.g., Axon 200B).

. Analog signal digitizer (e.g., Axon Digidata 1440).
10.
11.

Waveform generator (e.g., BK Precision Model 4045).
Wide-field fluorescence light source (e.g., Excelitas X-Cite

120Q).

Appropriate excitation/emission bandpass filters (e.g., 485/
530 nm for Fluo-4).

Photomultiplier tube (PMT) equipped with apertures (e.g.,
PTI D-104 microscope photometer).

Data acquisition and analysis software (e.g., pPCLAMP suite of
software, GraphPad Prism).

. 1x Phosphate-buftered saline (PBS).

. Paraformaldehyde, 4% in PBS.

. Bovine serum albumin (BSA).

. Normal donkey serum (NDS).

. Triton X-100.

. Primary antibodies: anti-insulin (e.g., Dako #A0564), anti-

glucagon (e.g., Proteintech #15954), anti-somatostatin (e.g.,
Santa Cruz #D-20).

. Secondary antibodies (e.g., Alexa Fluor 594-conjugated anti-

guinea pig, Alexa Fluor 488-conjugated anti-rabbit, Alexa
Fluor 647-conjugated anti-goat).

3 Methods

3.1 Islet Isolation

o NN O u

. Distend pancreas from 6 to 10 week old mouse with 4 mL cold

collagenase P solution [11].

. Transfer pancreas into 6 mL of cold collagenase P solution in a

15 mL conical tube and shake at 37 °C for 10 min (se¢ Note 1)
followed by 2-5 vigorous shakes by hand.

. Transfer digested pancreas suspension into a 50 mL conical

tube filled with approximately 25 mL cold MIB.

. Add cold MIB to bring the total volume to 50 mL and gently

mix by inverting several times (se¢ Note 2).

. Centrifuge for 2 min at 150 x g, 25 °C.

. Aspirate MIB, being careful not to disturb the pelleted tissue.
. Repeat steps 4-6.

. Suspend the digested pancreas pellet in 15 mL of cold MIB by

triturating with a 5 mL serological pipette, and transfer to a
15 mL conical tube.



3.2 Islet Plating and
Culture (Mouse or
Human Islets)

3.2.1 Whole Islets

3.2.2 lIslet Clusters and
Single Cells
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9.
10.
11.

12.

13.

14.

15.
16.
17.
18.

19.

20.

Centrifuge 2 min at 150 x g, 25 °C.
Aspirate MIB, being careful not to disturb the pelleted tissue.

Suspend the digested pancreas pellet in 7.5 mL of MIB supple-
mented with 10% FBS.

Carefully underlay the digested pancreas/MIB suspension with
5 mL of Histopaque-1077 (see Note 3) and centrifuge for
15 min at 450 x g, 25 °C.

Transfer Histopaque-1077 layer containing islets to a 50 mL
conical tube.

Add 40 mL of cold MIB and gently mix by inverting several
times.

Centrifuge for 1 min at 450 x g4, 25 °C.
Aspirate MIB, being careful not to disturb the pelleted tissue.
Repeat steps 14-16.

Resuspend islets in 8 mL cold islet culture media and transfer
to a 60 mm petri dish (see Note 4).

Transfer islets into a second 60 mm petri dish containing 8 mL
islet culture media on ice using a P200 pipette and an inverted
tissue culture microscope.

Disperse islets by gently rocking the petri dish then incubate at
37 °C, 5% CO; until ready to plate (see Note 4).

. Under aseptic conditions, dilute 2 mg/mL poly-b-lysine stock

to 80 pg/mL with sterile deionized H,O (diH,O) and add
100 pL to each 35 mm glass-bottom dish and incubate at room
temperature for at least 2 h.

. Wash glass-bottom dishes twice with diH,O and keep dishes

open in hood until dry.

. Add 3 mL of pre-warmed (37 °C) islet culture media to each

glass-bottom dish and transfer the desired number of'islets into
each dish using a P20 pipette (see Note 5).

. Incubate islets at 37 °C, 5% CO, for 24-48 h prior to

experimentation.

. Prepare poly-p-lysine-coated 35 mm glass-bottom dishes as

detailed in Subheading 3.2.1.

. Transfer islets from the petri dish to a sterile 1.5 mL Eppendorf

tube on ice using a P20 pipette.

. Allow islets to settle to the bottom of the Eppendort tube and

carefully remove islet culture media.

. Add 850 pL of Versene to the Eppendorf tube followed by

150 pL of 0.05% trypsin-EDTA.
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7
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3.3 Measurement 1.
of V,, and Intracellular
ca**: Loading with P
ca’* Dye

3

4

5
3.4 Patch Clamp 1.
Setup

2

3

. Triturate islet suspension by pipetting up and down with a

P1000 pipette approximately 20x to prepare islet clusters, or
30x to prepare single cells.

. Centrifuge islet cell suspension 1.5 min at 250 x g, 25 °C.

. Remove Versene/trypsin-EDTA solution and resuspend islet

clusters/single cells in pre-warmed islet culture media.

. Pipette 100-125 pL cell suspension into the middle of the

glass-bottom dishes forming a liquid “bubble.”

. Incubate islet clusters /single cells at 37 °C, 5% CO, for 6-18 h

to allow them to adhere to poly-p-lysine-coated surfaces.

Supplement with 3 mL of pre-warmed islet culture media and
incubate at 37 °C, 5% CO,.

Load cells with 5 pM Fluo-4AM in 1 mL of'islet culture media
and incubate for 25 min at 37 °C, 5% CO, (see Note 6).

. Wash twice with KRB supplemented with the desired glucose

concentration (see Note 7).

. After washing the cells, add approximately 2 mL of KRB to the

plate.

. Load the plate onto the microscope, and identify the desired

cell(s) to record. Position the bath electrode, any perfusion
lines, vacuum line, and PMT apertures (if equipped) to capture
fluorescence signal from cell(s) to be recorded.

. Proceed to patch clamp setup.

Use a 1 mL syringe and MicroFil filament (WPI) to fill patch
pipette with intracellular recording solution. Ensure there are
no bubbles present in the pipette by grasping it between the
thumb and forefinger and gently “flicking” the patch pipette.

. Place the filled patch pipette in the electrode holder.
. Apply positive pressure using an air-filled syringe attached to

the pipette holder to minimize debris entering the patch
pipette. Lower the patch pipette into the KRB bath and posi-
tion over the cell to be recorded using the micromanipulator.

4. Adjust offset potential to zero.

. Apply a test potential (e.g., a 5 mV voltage step at 10 Hz) to

monitor the resistance of the patch pipette.

. Using the micromanipulator, slowly guide the patch pipette

toward the cell until contact is made with the plasma mem-
brane, which is indicated by a sudden reduction in the ampli-
tude of the square wave produced by the voltage step.

. Rapidly release positive pressure on patch pipette and apply

light negative pressure to facilitate seal formation. As the seal
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10.
11.

12.

between the patch pipette and the plasma membrane improves,
the amplitude of the square wave will decrease.

. Activate the external command function of the patch clamp

amplifier to hold the command voltage at —80 mV and turn off
the waveform generator used to apply the test potential.

. Release negative pressure on patch electrode and monitor leak

current until less than —15 pA.
Allow perforations to form for ~10 min.

Turn off the external command function and switch to current
clamp mode to monitor cell V.

To assess the role of potassium channels on V;,, and intracellular
Ca®* (see below), apply pharmacological agents targeting spe-
cific potassium channels in the bath solution by perfusion
during the recording. Alternatively, the role of a specific potas-
sium channel can be assessed by comparing islets from wild-
type mice and islets from mice lacking the channel, overexpres-
sing the channel, or expressing a mutant form of the channel.

. After successtully patching an electrically excitable cell, activate

the fluorescence light source. If necessary, change the optical
path on the microscope to direct the emitted fluorescence to
the PMT.

. Optimize the fluorescence light source and microscope aper-

tures as well as PMT sensitivity to produce detectable signals
with the minimal amount of fluorescence excitation light inten-
sity required.

. Begin recording protocol. Exemplary data that were obtained

using this approach are provided in Fig. 2.

. After the completion of the experiment mark the region of the

dish containing recorded cell(s) using a microscope object
marker.

. Add approximately 1 mL of ice-cold 4% PFA. Incubate for

30 min on ice.

. Remove PFA, then wash cells twice with PBS (see Note 8).
. Prepare protein blocking solution in PBS: 0.2% w/v BSA, 2%

v/v NDS, 0.05% v /v Triton X-100.

. Remove any remaining PBS and then apply the blocking solu-

tion to the cells and incubate for at least 1 h at room tempera-
ture. No wash step is necessary after blocking.

. Prepare primary antibody solution in PBS: 0.2% w/v BSA, 1%

v/v NDS, 0.1% Triton X-100 with primary antibodies diluted
as follows (insulin: 1:400, glucagon: 1:400, somatostatin:
1:250).
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\

b.
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Fig. 3 Identification of the human islet cell type recorded or imaged. The data show a typical experiment where
the plate is marked and stained for glucagon to identify imaged alpha-cells. (@) The MatTek plate is marked
with a Nikon Object Marker leaving a purple ink circle on the dish representing the field of view (arrow), marks
are also placed on one side of the Xand Y axes for orientation. (b) The cells (Fura-2 fluorescence) are fixed in
4% paraformaldehyde and stained for islet hormones, panel (c) shows glucagon staining of the cells in panel

(b)

7.

10.

11.

Remove the blocking solution and then apply the primary
antibody solution to the cells. Incubate in a humidity chamber
overnight at 4 °C.

. Remove the primary antibody solution and then wash with

PBS. Leave PBS on cells for 10 min. Aspirate PBS and repeat
this wash step.

. Remove PBS and add the secondary antibody solution to the

cells: 1% v/v NDS, with 1:500 dilutions of secondary antibo-
dies (e.g., Alexa Fluor 594-conjugated anti-guinea pig, Alexa
Fluor 488-conjugated anti-rabbit, Alexa Fluor 647-conjugated
anti-goat); incubate between one and two hours at room
temperature.

Remove the secondary antibody solution and wash with PBS.
Leave PBS on cells for 10 min. Aspirate PBS and repeat this
wash step. While not required, further incubation of the cells
overnight in PBS at 4 °C helps to reduce nonspecific staining.

Proceed to imaging/identification of stained cells. Representa-
tive staining is shown in Fig. 3.

4 Notes

. Shaking can be performed by hand; however, using a wrist-

action shaker provides more consistency in islet preparations.
At the end of shaking, 2—-5 vigorous shakes by hand are usually
needed to dissociate any remaining pieces of pancreas.

. Connective tissue and fat are resistant to collagenase P diges-

tion, and have a tendency to “catch” islets and acinar cells
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during the isolation process. To improve yield and purity of
islet preparations, it is helpful to remove floating fat from the
suspension with clean forceps.

3. Histopaque-1077 and islet isolation buffer with 10% FBS
should be at room temperature. Underlay Histopaque-1077
by placing a glass Pasteur pipette into the digested pancreas
suspension and adding Histopaque-1077 through the Pasteur
pipette with a 2 mL serological pipette. Sometimes, it is neces-
sary to briefly lift the Pasteur pipette to liberate air bubbles that
prevent the Histopaque from flowing. Ensure that the MIB/
Histopaque interface is minimally disrupted when removing
the Pasteur pipette and transferring to the centrifuge.

4. “Picking” islets in cold culture media will minimize clustering
ofislets and acinar tissue, improving cleanliness of the prepara-
tion. Islets should not be stored under these conditions for
more than a few hours as they will begin to aggregate. If the
islets must be stored for a longer period of time supplement
islet culture media with 0.5 mg/mL bovine serum albumin to
minimize aggregation.

5. Slowly drop islets into the dish with a P20 pipette to ensure
that they form a tight cluster.

6. Transfer 1 mL of islet culture media from dish to a 1.5 mL
Eppendorf tube, add 5 pL 1 mM Fluo-4 AM stock to media,
remove the remaining media from the dish, and replace with
media containing Fluo-4AM.

7. The glucose concentration present in the KRB wash will
change depending on the type of experiment being performed.
However, for p-cells, incubation and starting experiments in a
stimulatory glucose concentration (e.g., 11 mM glucose) facil-
itates obtaining a GQ seal.

8. Be very gentle when exchanging liquids in the plate, as cells
have a tendency to detach from or relocate on the coverslip if
fluid exchange is too forceful. Another important point is to
avoid exposing the cells to air during the staining process— a
small amount of liquid should remain on the cells when
exchanging solutions.
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Chapter 8

Methods for Characterizing Disease-Associated
ATP-Sensitive Potassium Channel Mutations

Balamurugan Kandasamy and Show-Ling Shyng

Abstract

The ATP-sensitive potassium (Karp) channel formed by the inwardly rectifying potassium channel Kir6.2
and the sulfonylurea receptor 1 (SUR1) plays a key role in regulating insulin secretion. Genetic mutations in
KCNJ11 or ABCC8 which encode Kir6.2 and SURI respectively are major causes of insulin secretion
disorders: those causing loss of channel function lead to congenital hyperinsulinism, whereas those causing
gain of channel function result in neonatal diabetes and in some cases developmental delay, epilepsy, and
neonatal diabetes, referred to as the DEND syndrome. Understanding how disease mutations disrupt
channel expression and function is important for disease diagnosis and for devising effective therapeutic
strategies. Here, we describe a workflow including several biochemical and functional assays to assess the
effects of mutations on channel expression and function.

Key words Karp channel, Sulfonylurea receptor 1, Inwardly rectifying potassium channel Kir6.2,
Congenital hyperinsulinism, Neonatal diabetes, DEND syndrome, Channelopathy

1 Introduction

Pancreatic p-cells secrete insulin in response to increased plasma
glucose concentrations to maintain glucose homeostasis. A central
player in this process is a potassium channel called the ATP-sensitive
potassium (Karp) channel which couples glucose metabolism to f-
cell membrane potential [ 1]. When glucose levels rise, the increased
glucose metabolism in B-cells leads to an increased intracellular ATP
to ADP ratio [1-3]. As ATP inhibits while MgADP stimulates Kap
channels, the increased ATP to ADP ratio favors channel closure,
resulting in membrane depolarization. Membrane depolarization
then activates voltage-gated calcium channels, allowing for Ca?*
influx to trigger exocytosis of insulin granules. Conversely, when
glucose levels fall, the reduced ATP to ADP ratio favors Katp
channel opening, which keeps p-cell membrane potential in a
hyperpolarized resting state to prevent insulin secretion.

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_8, © Springer Science+Business Media LLC 2018
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The Karp channel is an octameric complex composed of four
inwardly rectifying potassium channel Kir6.2 subunits and four
sulfonylurea receptor 1 (SURI) subunits [4-6]. Kir6.2 and SURI1
are encoded by the KCNJII and ABCCS genes, respectively [7].
Loss-of-function (or inactivating) mutations in KCNJII or
ABCCS8 underlie congenital hyperinsulinism, an infant/childhood
disease characterized by persistent insulin secretion despite severe
hypoglycemia [1, 8, 9]. In mild cases with residual channel func-
tion, patients may be successfully treated with diazoxide—a Katp
channel opener. However, in severe cases patients require surgical
removal of the pancreas to prevent life-threatening hypoglycemia.
By contrast, gain-of-function (or activating) mutations in KCNJ11
or ABCCS cause neonatal diabetes, characterized by insufficient
insulin secretion and hyperglycemia [8, 10]. Some activating muta-
tions also cause developmental delay and epilepsy in addition to
neonatal diabetes, known as the DEND syndrome because these
channels are also expressed in the central nervous system [8].
Sulfonylureas, drugs that bind and inhibit Kyrp channels to stimu-
late insulin secretion, can be used to treat patients with activating
mutations [8, 11]. In patients harboring mutations that cause
severe channel defects, however, sulfonylureas are ineftective. Bio-
chemical and functional studies of disease-associated Kypp muta-
tions are crucial for patients and clinicians as these studies yield
information that is important for disease diagnosis and clinical
management. Currently, clinical endocrinologists worldwide who
directly care for patients with Ksrp channel mutations can only
acquire such information by collaborating with a few academic
laboratories that carry out Karp channel studies. Given the contin-
uous demand for such studies, it is important to make the methods
easily accessible. These methods are also useful for those interested
in Karp channel structure-function and may be applied to study
disease mutations in other potassium channels.

To study Karp channel defects caused by disease mutations,
recombinant mutant channels are expressed in mammalian cell lines
such as COS or HEK293 by transient transfection. These heterol-
ogous expression systems afford a convenient experimental plat-
form for genetic manipulations; moreover, they are devoid of
endogenous channels that might confound data interpretation.
Mutant channel proteins can be expressed either as a homogeneous
population to mimic the homozygous state or co-expressed with
the wild-type protein at 1:1 ratio to simulate the heterozygous
state.

Mutations can disrupt channel function by causing abnormal
channel expression, gating, or both. Several methods have been
developed to study mutant channel function and expression.
Figure 1 presents a workflow we use to study disease mutations
identified in patients with congenital hyperinsulinism or neonatal
diabetes/DEND syndrome. The first step involves s tracer ion
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Biochemical and functional studies of Katr mutations

Transient expression of recombinant mutant SUR1 and Kir6.2 in
heterologous expression systems (COS cells, HEK293 cells)

8Rb* efflux assay
(response to metabolic inhibition,

Evaluation of channel sulfonylureas, diazoxide) Evaluation of channel biogenesis,

gating properties

processing, and trafficking

Patch-clamp recording | Western blots |

(inside-out configuration)

| Immunofluorescence staining I

I Chemiluminescence assay I

Mutations identifiedin CHI and ND can cause abnormal expression, gating, or both.

Fig. 1 Workflow of studying the effects of disease mutations on Karp channel expression and function

efflux assay (using °Rb* as a substitute for the physiological con-
duction ion K*) which is suitable for assessing mutant channel
activity in intact cells [12, 13]. For congenital hyperinsulinism
mutations, we look for channel activity in response to metabolic
inhibition. Metabolic inhibition lowers the intracellular ATP /ADP
ratio and activates Kyrp channels. Reduced 8°Rb* efflux therefore
indicates loss of channel function and a causal role of a mutation in
congenital hyperinsulinism. For neonatal diabetes/DEND muta-
tions, we look for basal channel activity without metabolic inhibi-
tion. Increased basal **Rb* efflux is indicative of a gain-of-function
mutation. This assay is also used to test whether mutant channels
respond to pharmacological agents such as the Karp channel
opener diazoxide or the inhibitors sulfonylureas such as tolbuta-
mide or glibenclamide. The responsiveness of a given mutation to
pharmacological agents will suggest effective treatments for
patients carrying the mutation.

Once it is determined that a mutation causes loss or gain of
channel function, three complementary methods are used to evalu-
ate whether a mutation affects channel maturation and surface
expression. Western blots of SURI and Kir6.2 inform steady-state
levels of the two proteins [14]. Reduced protein levels suggest
possible rapid degradation due to misfolding. SURI contains two
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N-linked glycosylation sites and manifests as two bands in Western
blots: a core-glycosylated lower band that corresponds to the
immature SURI in the endoplasmic reticulum (ER), and a
complex-glycosylated upper band corresponding to the mature
SURI that has exited the ER and reached medial Golgi where
complex glycosylation occurs. Since the ability of SURI to exit
the ER is dependent on successful assembly with Kir6.2 into a
channel complex [15], the relative abundance of the mature and
immature SURI bands can be used as a readout for channel bio-
genesis efficiency. The abundance of the upper band, in general,
correlates with surface channel expression; however, it is not a
direct measure as mature SURI is present not only in the plasma
membrane but also in other post-Golgi intracellular secretory and
endocytic membrane compartments. To directly visualize surface
expression, immunofluorescent staining experiments are per-
formed. Currently, there are no antibodies for SUR1 or Kir6.2
that recognize extracellular epitopes to allow for staining of Katp
channels present in the plasma membrane. We therefore use a
SURI variant in which a FLAG-epitope (DYKDDDDK) is inserted
at the extracellular N-terminus of SURI [14]. By staining for the
FLAG-epitope using commercially available anti-FLAG antibodies
in non-permeabilized cells, surface SURI, hence surface channels
can be visualized. Although immunofluorescence staining allows
visualization of surface channels in individual cells, it is not suitable
for quantitative measurements of channel surface expression levels
considering that in transient transfection experiments protein
expression can vary widely from cell to cell. To quantify surface
expression of Karp channels, we use a chemiluminescence assay
whereby the FLAG-epitope of surface SURI is labeled by anti-
FLAG antibodies followed by a secondary antibody conjugated to
the enzyme horseradish peroxidase which when incubated with the
luminol substrate gives out chemiluminescence signals that can be
quantified using a liminometer [14].

For mutants that are expressed at the cell surface, electrophysi-
ological recordings are performed to assess how mutations impact
channel response to physiological and pharmacological ligands
using the inside-out patch configuration [14]. Using this config-
uration, solutions bathing the cytosolic face of the channel can be
precisely controlled and channel response to various ligands easily
monitored and quantified. Typically, channel response to ATP
and MgADP is monitored. For congenital hyperinsulinism-
associated mutations, diazoxide response is tested which will
help determine whether a patient will respond to diazoxide treat-
ment. For neonatal diabetes-associated mutations, glibenclamide
response will be tested to determine whether sulfonylurea therapy
will be effective.
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In the following sections, we provide detailed protocols for the
methods outlined above, including the *°Rb efflux assay, Western
blot of Kapp channel proteins, immunofluorescence staining of
surface Kapp channels, surface chemiluminescence assay, and
inside-out patch-clamp recording.

2 Materials

2.1 Cell Culture

2.2 Transfection

2.3 %CRb* Efflux
Assay

2.4 Western Blotting

Materials for cell culture and transfection are the same for all the
methods. They are described at the beginning of this section.

1. COSm6 cells (see Note 1).

2. Dulbecco’s Modified Eagles Medium (DMEM, high glucose)
supplemented with 10% fetal bovine serum and 100 U/mL
penicillin /streptomycin.

3. 0.25% trypsin-EDTA.

4. Tissue culture ware: T25 culture flasks, 6-well or 12-well tissue
culture plates, 35 mm tissue culture dishes for chemilumines-
cence assays, glass coverslips (22 x 22 mm or 18 mm circular)
for plating cells for immunofluorescence staining and patch-
clamp recording (see Note 2).

1. Plasmids for transfection: Kir6.2 and SURI ¢cDNAs in mam-
malian expression vectors (see Note 3). For patch-clamp
recording, a plasmid for expressing enhanced green fluorescent
protein (EGFP) is also needed.

2. Transfection reagents: Opti-MEM, FuGENE®6 (Promega)
(see Note 4).

1. Ringer’s solution: 118 mM NaCl, 2.5 mM CaCl,, 1.2 mM
KH,POy, 4.7 mM KCI, 25 mM NaHCOg3;, 1.2 mM MgSOy,
10 mM HEPES (sodium salt), pH 7.4.

2. Metabolic inhibitors: 2-deoxy-D-glucose, oligomycin (25 mg,/mL
stock in DMSO).

3. 8RbCl (se¢ Note 5).

4. Cell lysis solution: Ringer’s solution + 1% sodium dodecyl
sulfate (SDS).

5. Scintillation counting: scintillation vials, scintillation cocktail,
liquid scintillation counter.

1. Cell lysis bufter: 50 mM Tris-HCL, 2 mM EDTA, 2 mM EGTA,
100 mM NaCl, 1% Triton-X-100, pH 7.4, with protease inhi-
bitors (e.g., cOmplete™ EDTA-free protease inhibitor cocktail
tablets from Roche).
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2.

Polyacrylamide gels (8% for SURI and 12% for Kir6.2; alterna-
tively use 8—12% gradient gels) for protein electrophoresis.

. 10x Gel running buffer: 248 mM Tris-base, 1.91 M glycine,

and 1% SDS.

. 4x Sample loading buffer: 200 mM dithiothreitol, 12% (w/v)

SDS, 40% glycerol (100%), 250 mM Tris-base (pH 6.8), and
0.05% Bromophenol blue (w/v). Aliquot and store at —20 °C.
Add 10% 2-mercaptoethanol just before use.

. Nitrocellulose membrane.

6. Western blot transfer buffer: 3 mM Na,CO3z, 1 mM NaHCOg3;,

11.

12.

2.5 Surface 1.
Immunofiuorescence 2
Staining of Ka1p

Channels 3

10% methanol.

. Tris-buffered saline (TBS): 50 mM Tris-Cl, 150 mM NaCl, pH

7.5.

. Tween TBS (TTBS): 0.1% Tween in TBS.
. Blocking buffer: 5% nonfat dry milk in TBS.
10.

Primary antibody diluted to desired concentrations in the
blocking buffer (see Note 6).

Secondary antibody: HRP  (horseradish  peroxidase)-
conjugated secondary antibodies of appropriate species diluted
to desired concentrations in the blocking buffer.

SuperSignal West Femto Maximum Sensitivity substrate from
Thermo scientific.

Ice-cold PBS.

. Anti-FLAG antibody 1:500 dilution in Opti-MEM (~10 pg/

mL) for staining FLAG-tagged SURI (see Note 7).

. Washing solution (0.1% BSA in ice-cold PBS).

4. Methanol (—20 °C) for fixing cells.

7

8

9
26 1.
Chemiluminescence 2
Assays

3

. Blocking buffer (0.1% BSA in PBS with 1% normal goat

serum).

. Secondary antibody (fluorophore-conjugated goat anti-mouse

IgG) diluted to desired concentrations in the blocking buffer.

. Mounting medium containing DAPI to counterstain the

nuclei.

. Glass slides for mounting coverslips.

. Confocal microscope or regular fluorescence microscope.

Freshly prepared 2% paraformaldehyde (see Note 8).

. Phosphate-buftered saline (PBS): 137 mM NaCl, 2.7 mM KCl,

10 mM Na,HPOy, 1.8 mM KH,PO,, pH 7.4.

. Blocking solution: 0.1% bovine serum albumin (BSA) in PBS.
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4.

N N U W

M2 anti-FLAG primary antibody diluted in blocking solution
to a final concentration of 10 pg/mL.

. HRP-conjugated goat anti mouse IgG secondary antibody

(1:1000).

. Wash solution: 0.1% bovine serum albumin (BSA) in PBS.

. Luminometer that can accommodate a 35 mm tissue culture

dish (e.g., from Turner BioSystem TD-20,/20).

. Kint solution: 140 mM KCI, 10 mM K-HEPES, and 1 mM K-

EGTA adjust pH to ~7.2 using 5 N KOH (see Note 9).

. 100 mM ATP (potassium salt) and ADP (potassium salt) stock

solution in Kint (se¢ Note 10).

. 300 mM diazoxide stock solution in DMSO.

. 300 mM tolbutamide stock solution in DMSO.

. 1 mM glibenclamide stock solution in DMSO.

. Glass pipettes for patch-clamp recording (see Note 11).

. Pipette puller (e.g., P-97 Flaming,/Brown micropipette puller

from Sutter Instrument).

. Electrophysiology rig: air table, inverted fluorescent micro-

scope, perfusion system, micromanipulator, amplifier, data dig-
itizer, and a computer.

3 Methods

3.1 Cell Culture

3.2 Transfection

The procedures for cell culture and transfection are similar for all
methods (also see Chapter 5 by Devaraneni et al.) and will be
described at the beginning of this section.

All tissue culture media and solutions are pre-sterilized, stored at
4 °C, and pre-warmed to 37 °C prior to use.

1.

Culture COSm6 cells in DMEM, 10% FBS, 100 U/mL peni-
cillin/streptomycin in T25 tissue culture flasks at 37 °C, 5.0%
CO,. Passage cells every 3—4 days at ~1:10 dilution from a
confluent flask for routine maintenance.

. Seed cells onto 35 mm dishes (for chemiluminescence assays),

or 6- or 12-well plates (for Rb efflux, immunofluorescence
staining, or electrophysiology) at ~1:8-1:10 dilution from a
confluent T25 flask such that the cells will be ~70% confluent
the next day ready for transfection.

. For each 35 mm dish or 6-well plate well, set up a sterile

Eppendort tube, add 50 pL of Opti-MEM and 3 pL
FuGENE®6 and mix by pipetting up and down a few times,
set aside.
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2.

4.

Set up another tube and add 50 pLL OptiMEM plus ~1 pg total
of SURI and Kir6.2 plasmids at ~1:1 molar ratio, mix (se¢ Note
12). To transtect cells for patch-clamp recording, add ~0.1 pg
EGFP plasmid to the DNA mixture.

Combine the FuGENE®6 mixture and the DNA mixture, mix
well by pipetting up and down a few times, and incubate at
room temperature (RT) for 20-30 min. If using a 12-well
plate, cut down the reagents in steps 1 and 2 by half for each
well.

Add mixture dropwise to cells, rocking the plate gently to
ensure equal distribution of transfection mixture, and incubate
at 37 °C, 5.0% CO, until cells are ready for experiments.

3.3 Rb* Efflux Assay ~ The volumes of various solutions stated in the steps below are for
12-well plates. If using 6-well plates, double the volume.

1.

Twenty-four to 36 h post transfection, load cells with radioac-
tive °Rb. First, add *°Rb to the tube of pre-warmed medium
(~0.05 pCi ®°Rb in 1 mL medium/well) and mix. Then aspi-
rate off the medium from the cells, and replace with the °Rb-
containing medium. Incubate cells overnight in a tissue culture
incubator that has a lead shield and place cells behind the shield
(see Note 13).

. Next day, prepare Ringer solution containing metabolic inhi-

bitors (1 mM 2-deoxy-p-glucose and 2.5 pg/mL oligomycin,
referred to as “MI”). For each well, prepare ~8 mL Ringers
with metabolic inhibitors, so make enough for the entire
experiment.

. Pipette Ringer’s + MI into a tube (1 mL/well), and add 3°Rb

to the tube (~0.05 pCi/well).

. Remove the radioactive **Rb-containing medium in the well,

and rinse once with Ringer’s solution, then add fresh Ring-
er’s + MI 4 8°Rb, and let it sit at room temperature behind a
lead shield for 30 min (see Note 14). This will be the MI
preincubation.

. At the end of the 30 min incubation, remove the radioactive

medium, rinse cells quickly 2 x with Ringer’s + MI.

. Carefully remove all wash solution, and add 0.5 mL Ring-

er’s + MI to each well for efflux measurement. Remove efflux
solutions at time points 2.5, 5, 7.5, 15, 25, 40 min (these are
cumulative time points) and place into a scintillation vial and
add fresh 0.5 mL Ringer’s + MI for the next time point (see
Note 15).

. After collecting the 40 min time point efflux solution, add

0.5 mL Ringer’s + 1% SDS to lyse cells.

. Collect cell lysate and place in a scintillation vial (se¢ Note 16).
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Fig. 2 The 8®Rb efflux assay. (a) Schematic showing the main steps involved in the 86Rb efflux assay. (b) An
example of 8®Rb efflux plot showing % efflux over a period of 40 min (min) from untransfected cells (Unt),
which serves as a negative control; cells transfected with WT Kap channels (WT), which serves as a positive
control; and cells transfected with a mutant channel identified in congenital hyperinsulinism (CHI mutant). The
CHI mutant shows efflux levels similar to untransfected cells (note the /arge black circles for the CHI mutant
are behind the Unt open circles). The loss of function indicates a causal role of the mutation in the disease

9.

10.

To each vial, add 3 mL scintillation counting cocktail, put the cap
on tight, shake well to mix, and count in a scintillation counter.

To plot the results, add all the counts from all time points plus
the counts from the cell lysate. This is the total **Rb present at
the start of the efflux experiment. Divide the counts from the
first time point by the total counts times 100%, this gives you
the percent efflux for the first time point. For subsequent time
points, add counts from a time point to earlier time points and
divide that by the total counts and times 100%. This gives you
the cumulative percent efflux up to that time point. For wild-
type channels, we typically observe 80-90% efflux at the end of
the 40-min time point, in contrast to ~10-15% efflux in
untransfected control cells (see Fig. 2). The experimental con-
ditions can be modified to measure efflux through channels
under different metabolic conditions or in response to drugs
(see Subheading 1).

3.4 Western Blotting  Western blotting protocols for SURI and Kir6.2 are similar to
those described in Chapter 3 by Ruan and Chen. The steps
described below use cells transfected in 12-well plates.

1.

2.

Harvest cells 3648 h post-transfection by washing cells
2x with cold PBS and lyse in 125 pL lysis buffer on ice.

Mix ~15-30 pg of protein sample with 4 x sample loading bufter
such that the final sample loading bufter concentration is 1 x and
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10.

11.

12.

13.

14.

15.
16.

17.

place in 37 °C heat block for 10 min (see Note 17). Load protein
samples along with a prestained standard protein marker.

. Electrophorese at 15 mA until samples entered into the separ-

ating gel and then increase current to 20 mA until the dye front
reaches the bottom of the gel.

. Carefully cut and remove the stacking gel and rinse the gel with

deionized water and transfer to a container with transfer buffer.

. Equilibrate the nitrocellulose membrane, filter paper, and fiber

pads in transfer buffer for 10-15 min before preparing the gel
sandwich.

. Place the cassette with the gray side down and assemble pre-

wetted fiber pad, filter paper, equilibrated gel, nitrocellulose
membrane, filter paper, and final fiber pad following standard
Western blot assembly steps for protein transter.

. Close the cassette firmly, being careful not to move or slide the

gel and filter paper sandwich. Place the cassette in a module.

. Put ice pack and add a stir bar to help maintain even buffer

temperature and ion distribution in the tank.

. Put on the lid and start transfer at 50 V for 135 min or

overnight at 15 Vin a 4 °C cold room.

After transfer carefully disassemble the cassette and wash mem-
brane 2x with TBS (5 min each) to remove all residual metha-
nol in the transfer buffer.

Block membrane in 5% nonfat dry milk in TBS for 1-2 h at
room temperature on a shaker.

Incubate with appropriate primary antibody solutions (see
Note 6) on a shaker overnight at 4 °C or 1 h at room
temperature.

Wash the membrane 3x with TTBS (10 min each).

Incubate with appropriate HRP-conjugated secondary anti-
body solutions for 1 h at room temperature on a shaker.

Wash the membrane 3x with TTBS (10 min each).

Mix 1:1 dilution of ECL A and B solution and develop the
membrane for at least 30 s.

Detect bands in chemiluminescence setting on Fluorchem E
(from ProteinSimple) or equivalent gel documentation imag-
ing systems. Examples of Western blots of wild-type and con-
genital hyperinsulinism-causing mutant SURIL or Kir6.2 are
shown in Fig. 3.
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Fig. 3 Western blotting of Karp channel proteins. (@) COSm6 cells were transfected with human SUR1 and
Kir6.2 cDNAs and subjected to Western blotting analysis. The fop blot shows SUR1 protein probed with
antibody raised against the C-terminus of hamster SUR1 (see Note 6). The open circle indicates the complex-
glycosylated, mature band and the solid circle indicates the core-glycosylated immature band. The lower blot
shows tubulin signals probed with anti-tubulin antibody and serves as loading controls. (b) An example of cells
transfected with cDNAs encoding WT or mutant Kir6.2 identified in congenital hyperinsulinism (R301H or
R301P) along with WT SUR1 that carries a FLAG-tag at the N-terminus of SUR1 (f-SUR1). Kir6.2 (fop blof) and
f-SUR1 (bottom blof) were detected using anti-Kir6.2 and anti-FLAG antibodies respectively (see Note 6). Both
R301H and R301P mutant Kir6.2 show reduced protein levels and also reduced maturation of co-transfected
f-SURT1, indicative of channel processing and trafficking defects. Figure panels a and b are modified from [18]
and [19], with permission from authors

3.5 Surface The following steps are for cells transfected in 12-well plates and
Immunofluorescence staining performed on cells replated onto 18 mm circular coverslips
Staining (see Note 2).

1. Clean and sterilize 18 mm circular coverslips for replating cells
for staining.

— DPlace coverslips one by one into a beaker and rinse with
distilled water by swirling.

— Pour out water and replace with 70% ethanol, swirl a few
times, and let it sit for ~1 h.

— Pour out 70% ethanol and replace with 100% ethanol,
enough to cover all coverslips.

— Flame each coverslip using a Benson burner briefly in a
tissue culture hood and place dried coverslips into a well of
a 12-well plate.

— Leave the plates containing the coverslips under UV with
the covers off for 30 min to sterilize.

2. Split transfected cells onto coverslips ~24 h post transfection at
~1:4 dilution (see Note 18). Place cells on ice and wash twice
with ice-cold PBS.

3. Incubate with 10 pg/mL (~1:500 dilution) anti-FLAG anti-
body in OptiMEM supplemented with 0.1% BSA at 4 °C for
1 h (see Note 19).

4. Wash the cells 2 x with ice-cold PBS/0.1%BSA.
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Surface staining Total staining

f-AF1388 f-AF1388

Fig. 4 Immunofluorescence staining of surface and total Karp channel proteins. Surface (a) and total (h)
staining of COSm6 cells transfected with WT or AF1388 mutant f-SUR1 along with WT Kir6.2 cDNAs. Primary
antibody used was anti-FLAG and secondary antibody used was conjugated to Cy-3 (req). Note the AF1388
mutant showed no signal in surface staining and intense peri-nuclear signal in total staining, indicating ER
retention and trafficking defects [14]

5.

12.

13.

Fix the cells with —20 °C Methanol for 10 min on ice (alterna-
tively, fix the cells with 2—4% paraformaldehyde in PBS).

. Wash the cells 3x with ice-cold PBS.
. Incubate the cells in blocking buffer (PBS + 0.1% BSA + 1%

normal goat serum) for 1 h at room temperature.

. Incubate the cells with a fluorophore-conjugated anti-mouse

IgG secondary antibody diluted to appropriate concentrations
in blocking bufter for 1 h at room temperature in the dark (e.g.,
by covering with aluminum foil).

. Wash the cells 3x with PBS + 0.1% BSA (20 min each).
10.
11.

Wash the cells once with PBS for 10 min.

Dip coverslips briefly in distilled water before mounting. This
will prevent crystallization of the salt in the PBS when the
coverslips dry out.

Mount coverslips using mounting medium containing DAPI
(to stain nuclei) on slides.

If doing total staining as a control, fix the cells with —20 °C
methanol for 10 min on ice first, then proceed with the staining
protocol. Examples of surface and total staining of FLAG-
tagged WT or mutant SURI are shown in Fig. 4.

3.6 Chemilumine- For these assays, cells are plated onto 35 mm culture dishes for

scence Assays transfection. Duplicates (or triplicates) of dishes are prepared for
each mutant or condition for averaging out cell plating or transfec-
tion efficiency variations (sec Note 20).

1.

Thirty-six to 48 h post-transfection, cells were placed on ice
and washed 2 x with cold PBS (2 mL/dish).



Methods for Characterizing Disease-Associated ATP-Sensitive. . . 97

A
Anti-FLAG Ab

|

FLAG tag

Chemiluminescence assay

B
SUR1 120 A2?
6 W b?‘\'
% 100 - 5 L
4]
5 80- -
:é R —
© 60 -
8
5 40+
7]
)

;- luminol 20 -
HRP-2°Ab j T 0l =
Q’ fWT f-AF1388

Fig. 5 The chemiluminescence assay. (a) Cartoon illustrating the chemiluminescence method. It uses a SUR1
construct containing an extracellular N-terminal FLAG-tag to allow for quantification of surface Karp channels.
The blue rods with branches in the SUR1 topology model represent the two N-linked glycosylation sites.
Addition of luminol that reacts with the HRP conjugated to 2°Ab for the anti-FLAG primary antibody generates
chemiluminescence signals that can be detected using a luminometor. (b) The SUR1-AF1388 mutation is
again used as an example. The mutation exhibits almost no surface expression, which is consistent with the
lack of mature SUR1 upper band in Western blots (blotted with the M2 anti-FLAG antibody)

2.

10.

Cells were then fixed with cold 2% paraformaldehyde for
30 min on ice (see Notes 7 and 21).

. Rinse cells 3x with PBS.
. Place cells in PBS + 1 mg/mL BSA and preblock on a rotator

set at low speed for 30 min at room temperature.

. Incubate the cells with anti-FLAG antibody (~10 pg/mL) in

PBS-BSA and place on the rotator with low speed rotation for
1 h.

. Wash the cells in PBS-BSA 4 x 30 min with gentle shaking.
. Incubate the cells with HRP-conjugated anti-mouse IgG (in

PBS-BSA at appropriate dilution) for 30 min.

. Wash the cells in PBS-BSA 4x 30 min with gentle shaking and

final wash once with plain PBS for 10 min.

. Prepare the Super Signal ELISA solution according to the

manufacturer’s instructions.

Aspirate PBS from each well/dish and add 650 pL luminol
solution. Rock the dish back and forth for 10 s, place in the
luminometer, and record the luminescence reading on the

luminometer. Examples of chemiluminescence results using
FLAG-tagged WT or mutant SURI are shown in Fig. 5.

3.7 Inside-Out Patch  For these experiments, an electrophysiology setup with the equip-

Voltage-Clamp ment items listed in Subheading 2.7, item 8 needs to be in place.

Recording Researchers performing these experiments should be familiar with
the patch-clamp recording technique. For making seals, please also
see Subheading 3.4 in Chapter 7 by Vierra et al.
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1. Transfect the cells in a 12-well plate as described above for

immunofluorescence staining (see Subheading 3.5). Remember
to include the EGFP plasmid to facilitate identification of
transfected cells under the fluorescence microscope (see Sub-
heading 3.2, step 2 and Note 12).

. The next day, replate the cells onto cleaned and sterilized glass

coverslips and incubate overnight to allow the cells to adhere to
the coverslips (see Note 22). The cells are ready for recording
the following day and the day after.

. Before recording, pull glass electrodes, float the air table, turn

on the fluorescence as well as the transmission light sources,
and prepare solutions. We typically set up four different solu-
tions to test channel response to ATP and MgADP (or diaz-
oxide). The solutions are: (1) Kint, (2) Kint + 1 mM
ATP + 1.4 mM MgCl,, (3) Kint + 0.1 mM ATP + 1.1 mM
MgCl,, (4) Kint + 0.1 mM ATP + 0.5 mM ADP (or 0.2 mM
diazoxide) + 1.3 mM MgCl, (see Note 23). The solutions can
be modified to test channel response to other ligands [16, 17].
The solutions are perfused into the recording chamber by
gravity (flow rate can be set using a dial-a-flow regulator) and
removed by vacuum or a pump such that the solution level is
kept relatively constant.

. Take cells plated on coverslips out of the incubator. Use a

diamond pen and press hard on the coverslip to break free a
shard of coverslip that will fit in the recording chamber. Care-
fully transfer the coverslip piece into the recording chamber
with Kint solution (se¢ Note 24) using a pair of forceps. Place
the remaining cells back into the incubator. There is no need to
worry about keeping the cells sterile. One coverslip will last for
the entire day of recording.

. Fill an electrode with Kint solution by first immersing the tip of

the electrode in an Eppendorf tube containing Kint for a few
seconds, then filling the electrode ~halfway with Kint using a
1 mL syringe with a microfil needle (note a syringe filter is
placed between the syringe and the needle to make sure that
nothing clogs up the electrode). Tap the electrode to get rid of
any air bubbles, especially near the very tip. Mount the elec-
trode onto the electrode holder and apply positive pressure
before lowering the electrode into the bath solution to prevent
any debris from blocking the electrode.

. Find a green cell under the fluorescence microscope and move

the electrode close to the cell using the micromanipulator,
changing the magnification of the objective lens and the
coarse /fine control of the micromanipulator as needed. Always
start with cells expressing wild-type Kap channels to make sure
all the solutions are working properly.
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7. Slowly lower the electrode onto the cell while monitoring the
seal using the amplifier (by applying a test voltage pulse and
watching the amount of currents that goes through the elec-
trode). Once the electrode touches the cell, turn oft the posi-
tive pressure and apply negative pressure until a gigaohm seal is
formed, which is indicated by nearly O currents going through
the electrode (and often shown numerically on the seal test
display screen on the computer program, for example Clampex
from pClamp, connected to the amplifier).

8. Once a tight seal is made, turn off the test pulse and apply a
command potential (usually +50 mV). To make an inside-out
patch, change the micromanipulator setting to coarse control
and lift the electrode abruptly away from the cell into the Kint
bath solution. In voltage-clamp mode, you should see currents
if there are Kyrp channels (see Note 25).

9. Start recording using a gap-free recording protocol.

10. Now expose the patch to Kint with 1 mM ATP (solution 2) and
you should see immediate inhibition of currents. This inhibi-
tion is a signature of Kyrp channels. Next, expose the patch to
Kint with 0.1 mM ATP and 1.1 mM MgCl, (solution 3). In
isolated patches, the IC5y of ATP for the channel is ~10 pM so
at 0.1 mM ATP you should see a small current that is signifi-
cantly below half of the current observed in Kint (solution 1).
Finally, expose channels to Kint containing 0.1 mM ATP,
0.5 mM ADP, and 1.3 mM MgCl,. You should see a gradual
rise in current amplitude relative to currents seen in solution 3
due to the stimulatory effect of MgADP acting through SURI.
An example of activities of WT channels in the different solu-
tions is shown in Fig. 6.

A Transfected COSmG cell B 500uM ADP c 500uM ADP

Y4 [ATPImM , . _0_ 0.1
7 wPmm , —21

@—' = -0. 3r :
€ ’ -
Kint Pull I(nA) I(nA) | !

() Insuie out patch G1479R

Fig. 6 Inside-out patch-clamp recording. (a) Cartoon showing the inside-out patch-clamp recording technique.
(b) Representative current trace (50 mV in symmetrical Kint) of WT Karp channels showing current inhibition by
1 and 0.1 mM ATP and current stimulation by 500 uM ADP (in the presence of 0.1 mM ATP and ~1 mM free
Mg?*: see Note 23). (c) Representative current trace of mutant channels containing a congenital hyperinsu-
linism-associated mutation G1479R in SUR1. In contrast to WT channels, mutant channels failed to be
stimulated by MgADP, a gating defect that renders Kap channels unable to open in response to hypoglycemia
and is commonly observed in mutants associated with congenital hyperinsulinism [20]. Inward currents are
shown as upward deflections in both (b) and (c).
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4 Notes

1. We use COSm6, a clonal cell line derived from African green

monkey COS cells for our experiments, but other COS cell
clones are also adequate. Sometimes, we tend to see a nonspe-
cific band close to the SURI bands that could obscure or
interfere with the SURI band signals in Western blots, but
this can be circumvented by trying different percentage gel or
running the gel longer to separate the bands. Also, some
researchers use Xenopus oocyte for expressing mutant channels.
Although this expression system is good for electrophysiology
studies, it is not a good system to study channel biogenesis and
trafficking because the oocytes, being cultured at a lower tem-
perature and having different protein quality control mechan-
isms, will permit surface expression of misfolded or
misassembled channel proteins that would normally be
retained in the ER in mammalian cells cultured at 37 °C.

. We usually use T25 flasks to maintain the cells and use the

plates for transfection and experiments. The choice of the size
of the multi-well tissue culture plates and coverslips is depen-
dent on the researcher’s preference and consideration of
reagent costs.

. We usually use mammalian expression vectors containing the

CMYV promotor. Vectors such as the pCDNA series work well.

. We use FuGENE®6 from Promega tfor transfection, but other

transfection reagents also work.

. We usually purchase 1 mCi of **RbCl (e.g., from PerkinElmer

LAS), which is enough for numerous experiments. Because the
half-life of **Rb is 19 days, it is a good idea to conduct Rb efflux
experiments in a reasonable period of time before the radioac-
tivity becomes too low.

. The primary antibody we used for SURI] was generated in

rabbit against the C-terminus of hamster SURI
(KDSVFASFVRADK), which also recognizes human SURI.
Anti-Kir6.2 was generated in rabbit using the C-terminal
domain of rat Kir6.2 (amino acids 170-390) fused to the
bacterial protein glutathione-S-transferase (GST) and also
recognizes human Kir6.2. Other commercial antibodies will
also work but working concentrations will need to be tested
empirically. If antibodies against SURI or Kir6.2 proteins are
not available, one can use tagged construct (for example, a
FLAG-tagged SURI as shown in Fig. 4b).

. Because there are currently no good antibodies against the

extracellular domains of SURI or Kir6.2, we use a SURI
construct that contains an engineered extracellular N-terminal
FLAG tag to allow us to perform surface staining.
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8.

10.

11.

12.

13.

14.

15.

We use 2% paraformaldehyde to fix cells. At this concentration,
anti-FLAG antibody binds mostly to the cell surface FLAG-
SURI. Higher concentrations of paraformaldehyde tend to
give higher background likely because more antibodies can
access the cell interior.

Use KOH instead of NaOH to adjust pH to avoid introducing
Na" in the recording solution.

Prepare 5-10 mL of 100 mM ATP and ADP stock solutions in
Kint and freeze them in 1 mL aliquots. Again, purchase potas-
sium salts of ATP and ADP to avoid having Na™ in the solution.
ATP and ADP are acidic so the stock solutions will need to be
titrated to bring the pH to ~7. We usually dissolve ATP or ADP
in Kint at a volume ~1 mL less than the final volume. To
monitor pH, add some phenol red just enough to see color.
Gradually add KOH until the color of the solution is bright red
which indicates pH is ~7. Then top oft the solution with Kint
to the final desired volume.

We use Kimble Chase non-heparinized capillary glass tubes
(can purchase from Amazon) to make patch-clamp pipettes.
This is relatively cheap and works very well for macroscopic
current recordings in our hands.

When transfecting more than one plasmid, it is important to
mix the plasmids in a separate tube before mixing with
FuGENE®6. This will ensure uptake of multiple plasmids
into a cell needed for Karp channel expression or GFP
expression.

Take necessary precautions when working with ®*Rb. Proper
shielding will minimize exposure. During overnight incubation
in ®°Rb containing medium, place a label on the incubator
door to alert others especially if using a shared incubator.

For preincubation in Ringer’s + MI, it is necessary to include
86Rb. This is because MI will activate channels and deplete
86Rb present in the cell from the overnight incubation such
that there would not be any %°Rb left for efflux measurement.
Continuous presence of °Rb in the extracellular solution dur-
ing MI will ensure sufficient radioactivity inside the cell for
subsequent efflux experiments.

It is important to remove any residual wash solution prior to
efflux measurements as it contains residual ®*Rb that could
contaminate the subsequent first timed measurement of **Rb
efflux, which will confound experimental results. Likewise, it is
a good idea to remove the efflux solution completely to avoid
carryover to the next time point. A 1 mL pipetman (p-1000)
works well for these steps.
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16.

17.

18.

19.

20.

21.

22.

23.

24.

Cells lysed in 1% SDS will be very viscous. Use p-1000 pipet-
man to pipet up and down a few times to ensure all lysate is
collected.

SURI tends to aggregate at high temperature so it is very
important not to boil the protein samples. Instead, incubate
samples at 37 °C for 10 min before running on SDS-PAGE.

If desired, one can plate multiple coverslips for each transfected
well and use for surface staining or total cellular staining.

This is most easily done by placing the coverslips on a sheet of
parafilm in the cold room. Only ~100-150 pL antibody solu-
tion is needed for each coverslip due to surface tension. This
will help conserve antibody. A similar setup can be used for
secondary antibody incubation at room temperature. Washing
and fixation steps are more easily done in the wells by transfer-
ring coverslips back to the 12-well tissue culture plates.

In our experience, the chemiluminescence signals from dish to
dish only vary slightly if precautions are taken to ensure equal
cell plating and transfection. Therefore, we do not correct for
cell numbers but simply average the signals from duplicates or
triplicates dishes.

Paraformaldehyde is a potential carcinogen. Collect the para-
formaldehyde waste in a 50 mL Falcon tube and add a few
drops of Formalex in a chemical hood to inactivate before
disposal.

The cell density for patching should be lower than that used for
other experiments. When cells are too dense and growing on
top of one another, it is more difficult to select green cells and
make seals. We typically replate one well of transfected cells
onto multiple coverslips at 1:4-1:6 dilutions. Usually, cells are
good for patching for 2 days so plate the cells at a slightly
higher density for Day 1 of patching than Day 2 of patching.

Sometimes Kapp channel activity can run down very quickly,
making it challenging for later currents quantification. This is
usually because there are cations such as Mg®* which may
induce hydrolysis of membrane PIP,. To minimize rundown,
1 mM EDTA (pH 7.4) can be included in solution 1 (Kint).
Using HPLC grade H,O will also help reduce rundown. Note
channel stimulation by ADP (as well as diazoxide) requires
Mg?*. The MgCl, concentrations used in solution 2—4 are
calculated to give ~1 mM free Mg>* (i.e., Mg?* not in complex
with ATP or ADP).

We put the cells in the Kint solution such that when patch is
pulled the channels are exposed to symmetrical [K'], as the
electrode is also filled with Kint. Because the concentration of
K" in Kint is 140 mM which is greater than tenfold higher than
physiological external [K"], the cells will not stay healthy for
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25.

103

long. We typically record 2-3 cells before switching to a new
coverslip piece.

Because the intracellular ATP concentrations are very high
(1-5 mM range, which is >100-fold higher than the ATP
concentration needed to achieve half maximal inhibition of
the channel measured in inside-out patches), Karp channels
are mostly closed when in cell-attached mode. Once an inside-
out patch is formed, the cytoplasmic face of the channels is
exposed to Kint solution devoid of ATP and the channels will
open (with the +50 mV command potential in symmetrical
[K*]). If you do not observe any currents, there are two pos-
sibilities: one is that there are no channels expressed, the other
is that a vesicle has formed while you pull the electrode off the
cell. In the latter case, the membrane is sealed such that the
channels are not exposed to Kint. To break the vesicle, try to
lift the electrode out of the solution and back in again. Alter-
natively, use an empty syringe with a microfil needle and push
an air bubble in the solution near the electrode to help break
the vesicle. However, these manipulations can damage the seal.
Start over again when this happens.
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Chapter 9

Thallium Flux Assay for Measuring the Activity
of Monovalent Cation Channels and Transporters

C. David Weaver

Abstract

Monovalent cation channels are critically important for physiological processes ranging from the control of
neuronal excitability to the maintenance of solute balance. Mutations in these channels are associated with a
multiplicity of diseases and monovalent cation channel-modulating drugs are used as therapeutics. Tech-
niques that allow the measurement of the activity of these ion channels are useful for exploring their many
biological roles as well as enabling the discovery and characterization of ion channel modulators for the
purposes of drug discovery. Although there are numerous techniques for measuring the activity of
monovalent cation channels, the thallium flux assay technique is a widely used fluorescence-based approach.
Described herein is a method for using the thallium-flux technique for detecting and quantifying the
activity of small-molecule potassium channel modulators in 384-well plates.

Key words Ion channel, Potassium channel, Sodium channel, Drug discovery, High-throughput
screening, Fluorescent dye, Thallium

1 Introduction

Ton channels are critical for life. Many ion channels are capable of
conducting monovalent cations, most commonly sodium and
potassium. Voltage-clamp electrophysiology is often the method
of choice for measuring the activity of ion channels. However,
traditional micromanipulator-based techniques are slow and labo-
rious while more rapid automated planar techniques are not useful
tor studying complex cell preparations such as brain slices. In the
1980s, the emergence of fluorescent dyes like Fura-2 and Fluo-3
made possible the fluorescence-based measurements of divalent
cation channels [1, 2]. Sodium and potassium-sensitive dyes fol-
lowed closely behind the divalent cation-sensitive ones [ 3]. Unfor-
tunately, these dyes had issues that severely limited their utility,
including poor sensitivity and poor selectivity under normal intra-
cellular sodium and potassium concentrations. Because monovalent
cation channels make up the majority of all ion channels, new
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approaches to measuring their activity were desperately needed.
One such approach, voltage-sensitive fluorescent dyes, takes advan-
tage of the potential difference across cell membranes. However,
these dyes suffer limitations for quantitative measurement of ion
channel activity because of the relationship of membrane potential,
current, and resistance described by Ohms law, V' = IR. The facts
that sodium [4], potassium [5], and other monovalent cation
channels are capable of conducting thallium and that thallium is
not normally present in physiological solutions, set the stage for the
use of thallium flux to measure the activity of these channels. The
potential utility of thallium flux for measuring the activity of mono-
valent cation channels led to a search for and discovery of the
thallium-sensitive fluorescent dyes and subsequent development
of the thallium flux assay technique [6].

The thallium flux technique was first applied to enable high-
throughput screening of potassium channels. Since then it has been
used for measuring the activity of a wide variety of channels and
transporters including voltage-gated potassium channels, two-
pore-domain potassium channels, cation-coupled chloride co-
transporters, sodium channels, sodium/potassium ATPases, and
others [7-16]. Described below is a specific example of the use of
the thallium flux technique to measure the activity of an inward-
rectifying potassium channel. The specific example provided here
describes the use of the thallium flux assay in 384-well plates.
However, the technique may also be used for microscope-based
assays in ways similar to calcium-sensitive fluorescent dye-based
approaches. In each case systematic determination of the optimal
assay conditions is required.

2 Materials

Prepare all solutions in ultrapure water. All chemicals should be
obtained from a reputable supplier and should be of reagent grade
or higher quality unless otherwise specified. Dimethyl sulfoxide
(DMSO) should be free of water (see Note 1). All solutions and
reagents can be stored at room temperature unless otherwise
noted. Thallium is toxic. Wear appropriate personal protective
equipment. Dispose of all thallium-contaminated solutions and
labwear in accordance with your institution’s policies.

1. Assay buffer: Hanks Balanced Salt Solution, 10 mM HEPES,
sodium salt, pH 7.2.

2. Thallium-stimulus base buffer: 145 mM sodium gluconate (see
Note 2), 1.3 mM CaSO4 0.9 mM MgSO,, 5 mM Glucose,
10 mM HEPES, sodium salt, pH 7.2.

3. Thallium sulfate solution: 100 mM T1,SO, in water (see Note 3).



4.
5.

6.

10.
11.

12.

13.

14.

15.

Thallium Flux Assay for Cation Channels 107

Dimethyl sulfoxide (DMSO): water-free DMSO.

20% Pluronic F-127 solution (se¢ Note 4): 20% (w/v) Pluronic
F-127 in DMSO.

Thallium-sensitive fluorescent dye: there are a number of com-
mercially available thallium-sensitive fluorescent dyes. Most of
these dyes are available in the form of assay kits sold under
various names: Thallux Green (WaveFront Biosciences)
FluxOR, FluxOR II (Thermo Fisher Scientific), FLIPR Potas-
sium Assay Kit (Molecular Devices) while others are also avail-
able as dye alone: ThaLux Green AM (WaveFront Biosciences)
(see Note 5), FluoZin-2 AM (Thermo Fisher Scientific), BTC
AM (Thermo Fisher, AAT Bioquest). Regardless of the
thallium-sensitive dye provider, the dye should be stored desic-
cated at —20 °C.

. Ton channel-expressing cells: HEK-293 cells (ATCC) (see Note

6) stably overexpressing K;.3.1 (GIRK1) and K;,3.2 (GIRK2).

. Extracellular-masking solution (se¢ Note 7): 100 mM allura red

AC in assay buftfer.

. Dye retention solution (se¢ Note 8): 250 mM sodium proben-

ecid in assay buffer.
Ton channel modulator: 10 mM ML297 in DMSO (see Note 9).

Cell culture medium: o-Minimum Essential Medium (o-
MEM) plus 10% (v/v) fetal bovine serum and 1x glutagro
(Corning) or GlutaMax (Thermo Fisher Scientific), 3 pg/mL
puromycin sulfate and 5 pg/mlL blasticidin. Filter sterilize
using a 0.2 pm filter and store at 4 °C.

Cell dislodging solution: TrypLE Express (Thermo Fisher Sci-
entific) (see Note 10).

Assay Plates (see Note 11): 384-well, black-wall, clear-bottom,
PureCoat Amine plates (Corning).

Compound and thallium-stimulus additions plates: 384-well,
polypropylene, conical-bottom plates (Greiner).

Fluorescent plate reader: any fluorescent plate reader that is
able to acquire signals from cells in plates can be used for
thallium flux assays. However, kinetic imaging plate readers
including Panoptic (WaveFront Biosciences), FDSS (Hama-
matsu Photonic Systems), FLIPR (Molecular Devices), or
FlexStation (Molecular Devices) are strongly preferred. For
the thallium-sensitive dyes listed above, the nominal excitation
and emission wavelengths are 490 nm and 520 nm,
respectively.
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3 Methods

All the procedures are carried out at room temperature. Thallium is
toxic. Wear appropriate personal protective equipment.

3.1 CGell Culture and 1.

Plating

3.2 Thallium Flux 1.

Assay (See Note 14)

N QN Uk W

Cultivate the cells in a cell-culture medium at 37 °C in a
humidified 5% CO,-containing atmosphere to ~80-90% con-
fluence in a T75 or other appropriate cell culture vessels.

. Transfer the cell culture vessel to a biocontainment cabinet.

. Remove the cell-culture medium and add 3 mL TrypLE

Express and incubate for ~5 min.

. Dislodge the cells from cell culture vessel by tapping the vessel

sharply on the side and/or pipetting the TrypLE Express up
and down on the inside bottom surface of the vessel using a
serological pipette.

. After the cells are dislodged add 7 mL of tissue culture medium.

. Place the serological pipette tip in the bottom corner of the cell

culture vessel and pipette the cell suspension up and down for
five strokes to achieve a single-cell suspension.

. Quantify the number of live cells in the cell suspension using a

hemocytometer.

. Dilute the cell suspension with the cell-culture medium (see

Note 12) to achieve a concentration of ~500 cells/pL (see
Note 13).

. Add 20 pL/well of cell suspension to one or more cell plates.
10.

Transfer the cell plates to the 37 °C, 5% CO,, cell culture
incubator and incubate until the cells are well adhered to the
bottom of the plate (6 h—overnight).

Prepare a dye-loading solution by dissolving 12 pg of dye in
25 pL DMSO plus 25 pL 20% Pluronic F-127 solution with
vigorous vortexing. Add the 50 pL of dissolved dye to 10 mL of
assay buffer with gentle vortexing.

. Prepare 2x-test compound solution by diluting ML297 to

twofold over the desired final concentration in assay buffer
and transfer 30 pL/well to a 384-well polypropylene plate.

. Remove the cell plate from the cell culture incubator.
. Remove the cell-culture medium (see Note 15).

. Add 20 pL/well dye-loading solution (see Note 16).
. Incubate for 30 min—-2 h at room temperature.

. While the dye is loading, prepare a 5x-thallium-stimulus plate

by adding an appropriate volume of 100 mM T1,SO4 solution
(see Note 17) to 15 mL of thallium-stimulus base buffer and
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mix well. Transfer 30 pL/well to a 384-well polypropylene
plate.

. Remove the dye-loading solution (se¢ Note 18).
. Add 20 pL/well assay bufter.

10.
11.

Transfer the plates to the plate reader.

Using the manufacturer’s instructions, set up the plate reader
to run an experiment where 10 time points of baseline data are
collected (1 Hz) followed by the addition of 20 pL/well from
the 2x-test compound plate with constant data collection.
After 90 s of incubation (see Note 19), add 10 pL/well of
5x-thallium-stimulus solution and collect data for another
90 s.

Open the raw data file exported from the plate reader (Fig. 1a)
in Excel (Microsoft).

. Normalize the data to account for well-to-well variability

caused by nonuniform optics of the plate reader and/or by
uneven cell plating (see Note 20 and Fig. 1b).

. Select wells that have not been treated with test compound and

average each data point from those waves to yield an average,
untreated control waveform. Subtract the untreated control
wave from the data for each of the untreated and untreated
wells (see Note 21 and Fig. 1c¢).

. Reduce data by fitting the slope of ten data points beginning 5 s

after thallium addition (see Note 22 and Fig. 1c¢).

. Fit the slopes values calculated above using XLfit (IDBS),

Prism (GraphPad), or other appropriate nonlinear curve-fitting
application(Fig. 1d).
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Fig. 1 Data normalization and analysis of a thallium flux assay. Shown are varying concentrations of ML297
added to HEK-293 cells expressing GIRK channels comprised of GIRK1 and GIRK2 subunits. (a) Raw data from
kinetic imaging plate reader. (b) Normalized data (F/F, multiplied by the average of F, for of all wells). (c)
Untreated control wave-subtracted data (d) fit to slope of each ML297 concentration normalized to the
maximally effective concentration of ML297. Dotted lines show the point of addition of ML297 and TI*. Light
blue box shows the time window for fitting of slopes used in (d). Error bars are standard error of the mean of

three replicate samples
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4 Notes

1. DMSO is hygroscopic and will absorb up to 30% (w/w) water

from the atmosphere. Many test compounds and the acetate/
acetoxymethyl esters of thallium-sensitive fluorescent dyes will
be less soluble and less stable in water-contaminated DMSO.
Therefore, care should be taken to use water-free DMSO.

. Some thallium salts are very poorly soluble in water. Thallium

chloride, for instance, has a solubility of about 5 mM at room
temperature. Therefore, depending on the expression levels
and the degree to which a channel is able to flux thallium,
other sodium salts in the thallium-stimulus buffer may be
required to achieve the desired thallium concentration. Useful
sodium salts include sodium gluconate, sodium bicarbonate,
sodium fluoride, and when consistent with the desired thallium
concentration, sodium chloride. In addition, sometimes it is
desirable to substitute some or all of the sodium in thallium-
stimulus buffer with other cations most often, potassium. It is
highly recommended that at the beginning of assay develop-
ment for a given channel that thallium concentration and
buffer composition is systematically evaluated to produce opti-
mal results. Care should be taken if sodium bicarbonate and /or
potassium bicarbonate is chosen for the thallium-stimulus
buffer due to the fact that the pH of these solutions is unstable.
Bicarbonate-based thallium-stimulus solutions should be made
fresh and containers should be kept tightly closed until ready
for use.

. A mole of thallium sulfate contains 2 moles of thallium and

thus, 100 mM TI1,SO, is 200 mM in thallium.

. Pluronic F-127 is a detergent that is often used to aid dissolu-

tion of hydrophobic esters of thallium-sensitive fluorescent
pro-dyes. Although the use of Pluronic F-127 or similar deter-
gents is not absolutely required, it does facilitate dye loading.

. ThaLux Green AM is the same dye once sold by TEFlabs under

the name “Thallos AM.”

. A wide variety of cell lines in addition to HEK-293 cells may be

used for thallium flux assays. These cell types include but are
not limited to CHO, Hela, and COS-7 as well as tissue-
derived primary cell preparations.

. A variety of optional membrane impermeant dyes including

allura red AC, amaranth, and others can be used as agents to
mask assay background contributed by buffer components,
fluorescent compounds, or extracellular thallium-sensitive
dye. While useful, these dyes may also have unanticipated
effects on the target of interest and care must be taken to
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make sure that these masking dyes are not causing undesired
effects such as activation, inhibition, or other modulation of
the activity of the target. Final masking agent concentrations
typically range between 1 and 0.1 mM. These concentrations
should be determined empirically as part of assay optimization.

. The sodium salt of probenecid as well as sulfinpyrazone can be

optionally included in assay buffer to inhibit the activity of
membrane transporters that can promote intracellular com-
partmentalization and extrusion of thallium-sensitive dyes
from cells [17]. These compounds are particularly useful
when performing thallium flux assays in cells such as CHO
cells that are very effective at extruding thallium-sensitive
dyes. As is the case with extracellular masking dyes, care should
be taken when using probenecid and sulfinpyrazone as they
may also result in changes in the activity of the target. Typical
final concentrations of probenecid and sulfinpyrazone range
from 0.5 to 2.5 mM and from 10 to 200 pM, respectively.

. ML297 is offered as an example for the purposes of this chap-

ter. Any one of a host of compounds capable of directly or
indirectly modulating the activity of the ion channel of interest
may be chosen. An important consideration, however, is that
ion channels are often sensitive to DMSO. Therefore, DMSO
effects on the target should be evaluated as part of assay devel-
opment in cases where DMSO may be present in solutions.

Any one of a number of protease-containing and non-protease-
containing cell dislodging solutions can be used based on cell
type and user preference.

Different cell types perform differently depending on the sur-
face coating of multi-well assay plates. Coating types vary
widely and include tissue culture (TC) treated, poly-Dp-lysine,
synthetic amine, fibronectin, collagen, and others. The optimal
assay plate surface should be determined empirically as part of
assay optimization.

Some cell types will allow the use of serum-free medium at this
step. This can be advantageous if there is a desire to remove the
cell-culture medium prior to the addition of thallium-sensitive
dye in a later step. If this is desired, phenol red-free cell-culture
medium should be used.

The concentration of cells may vary depending on cell type.
The effects of cell plating concentration should be evaluated as
part of assay optimization.

If you are using one of the thallium flux assay kits, you may
follow the kit manufacturer’s instructions from this step
forward.
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In some instances removal of cell-culture medium may be
omitted including when the serum-free cell-culture medium
is used for cell plating or when the presence of serum-
containing medium is desired. If the serum-containing
medium is allowed to remain in the wells for the duration of
the assay, it may affect dye loading as well as compound
potency determinations.

In cases where there is a desire to avoid removal of cell-culture
medium, an extracellular-masking solution may be added to
the dye-loading solution. The extracellular-masking solution
may also be added to the dye-loading solution in instances
when the cell-culture medium is removed but when post-dye
loading washing is undesirable.

The amount of 100 mM T1,SO4 solution will vary depending
on the cell line and channel being assayed. The optimal amount
should be determined as part of assay optimization. If sodium
chloride-containing thallium-stimulus base buffer is used, the
maximum thallium concentration in the 5x-stimulus buffer is
~4.5 mM. For non-chloride-containing thallium-stimulus base
buffers, the maximum thallium concentration in 5X-stimulus
bufter is 22.5 mM. Using higher thallium concentrations than
recommended may result in thallium chloride precipitation.

In cases where the extracellular-masking solution has been
added to the dye-loading solution, this step may be omitted.

Test compound incubation times and post-thallium addition
data acquisition times may be varied based on assay-specific
goals and parameters. In some cases, it may be preferable to
perform test compound addition and thallium addition simul-
taneously. The optimal times of test compound addition and
thallium addition should be determined empirically.

Typically, this operation is performed by averaging the first five
data points from each well in a plate and dividing each of the
data points by this initial average. The function is applied to
each well of the plate and is often referred to as static ratio or
more commonly, F/F,. At this stage users may choose to
multiply F/Fy by the average initial fluorescence value for
cach well in the plate to yield normalized fluorescence values
(Fig. 1b).

This is an optional step that is often useful to visually compare
subtle effects under different assay conditions including treat-
ment with test compounds (Fig. 1c).

In some cases users may choose to measure a change in fluo-
rescent amplitude at a discrete time point or a maximum
change in fluorescent amplitude instead of the initial slope of
the change in fluorescence evoked by the addition of thallium.
Regardless of the method chosen, these values may be used to
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compare differences between experimental treatments for use
in the selection of active compounds in high-throughput
screening or determination of the potency and efficacy of ion
channel modulators.
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Chapter 10

Nuclear Magnetic Resonance Approaches for
Characterizing Protein-Protein Interactions

Yuki Toyama, Yoko Mase, Hanaho Kano, Mariko Yokogawa,
Masanori Osawa, and Ichio Shimada

Abstract

The gating of potassium ion (K") channels is regulated by various kinds of protein-protein interactions
(PPIs). Structural investigations of these PPIs provide useful information not only for understanding the
gating mechanisms of K channels, but also for developing the pharmaceutical compounds targeting K*
channels. Here, we describe a nuclear magnetic resonance spectroscopic method, termed the cross satura-
tion (CS) method, to accurately determine the binding surfaces of protein complexes, and its application to
the investigation of the interaction between a G protein-coupled inwardly rectifying K* channel and a G
protein a subunit.

Key words NMR, Protein-protein interaction, Cross saturation, GIRK, G protein

1 Introduction

1.1  Nuclear The gating of potassium ion (K*) channels is regulated by numer-
Magnetic Resonance ous protein-protein interactions (PPIs). For example, voltage sens-
Spectroscopy for ing K* channels are regulated by accessory subunits [1, 2], and G
Characterizing protein-coupled inwardly rectifying K* channels (GIRKSs) are regu-
Protein-Protein lated by G proteins [3]. The structural characterization of these
Interactions PPIs provides valuable information for understanding biological

processes, and for developing pharmaceutical compounds targeting
K" channels. Solution nuclear magnetic resonance (NMR) spec-
troscopy is a powerful method for the structural characterizations
of PPIs. A major advantage of NMR is that proteins under physio-
logically relevant conditions (proteins in solution, membrane pro-
teins in lipid bilayers [4, 5], proteins in cellular environments [6],
and so on) can be characterized. Therefore, the information
obtained from NMR can provide structural insights that are deeply
related to physiological functions, and precisely complement other
methods for high-resolution structural determination, such as

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_10, © Springer Science+Business Media LLC 2018
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1.2 Principle of the
CS Method

X-ray crystallography and cryo-electron microscopy, which require
crystallized or frozen samples.

One of the most widely used NMR methods for studying PPIs
is a chemical shift perturbation (CSP) experiment, in which the
chemical shift differences (i.e., differences in peak positions in an
NMR spectrum) induced by the binding are monitored. Since
chemical shift differences occur not only for the residues forming
a binding surface, but also for the residues in areas with significant
structural changes, the information obtained from the CSP experi-
ment is ambiguous. To overcome this difficulty, we have developed
an NMR method for accurately determining the binding surface of
PPIs, the cross saturation (CS) experiment, which utilizes the
dipolar cross relaxation phenomenon between 'H nuclei in an
optimally isotopically labeled system [7-9]. By combining the
results from the CSP and CS experiments, the primary effects of
the direct intermolecular contacts and the secondary effects
induced by conformational changes can be separated, providing
solid structural insights into the mechanisms underlying protein
functions. The method has been successfully applied to the PPIs of
K" channels, i.e., the KesA-agitoxin [10], KvAP-VSTx1 [11], and
GIRK-G proteins [12, 13].

The CS method is schematically represented in Fig. la. In the CS
method, the complex of the non-labeled protein (donor protein)
and the uniformly *H, '®*N-labeled protein (acceptor protein) is
formed in a solvent with a low H,O/D,O ratio. When irradiated
with a radio frequency (RF) pulse at the frequency corresponding
to the aliphatic 'H resonances, the "H nuclei incorporated in the
donor protein are efficiently saturated. Although the "H nuclei
incorporated in the acceptor protein are not directly saturated by
the applied RF pulses, the saturation is transferred from the donor
protein through the binding interface, by dipolar cross relaxation.
Since the "H density of the acceptor protein is sufficiently low, the
saturation transfer occurs selectively to the "H nuclei located on a
binding surface (see Note 1). We call this phenomenon cross satu-
ration (CS). The effect of CS can be detected as the intensity
reduction of the NMR signals of the acceptor protein, which can
be measured by recording a 'H-'N transverse relaxation-
optimized spectroscopy (TROSY) spectrum [14]. Therefore, by
investigating the signal intensity reductions induced by the applica-
tion of RF pulses, the binding surface can be accurately determined.

The CS experiment can be applied to a system where the
complex is exchanging between free- and bound-states. In this
situation, the binding surface can be determined from the cross
saturation effects that are transferred to the NMR signals originat-
ing from the free-state (Fig. 1b) (see Note 2). We call this modified
experiment a transferred CS (TCS) experiment [15]. The TCS
experiment is advantageous to investigate the interactions of
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Fig. 1 (@) Schematic diagram of the CS experiment. The RF pulse causes
saturation of the "H nuclei incorporated in the donor protein, as shown in gray.
In contrast, the acceptor protein, which has no aliphatic 'H nuclei, is not affected
by the RF irradiation directly, but the saturation is transferred selectively to 'H
nuclei located on a binding surface. The effect of cross saturation can be
detected as the intensity reduction of the NMR signals of the acceptor protein.
(b) Schematic diagram of the TCS experiment. In systems where a free- and a
bound-states are exchanging, the cross saturation effects are transferred to the
NMR signals originating from the free state

extremely large and/or heterogeneous molecules, such as mem-
brane proteins reconstituted in lipid bilayers [4], because the NMR
signals in the bound-state are not directly observable.

In this chapter, we describe the experimental details of the TCS
experiment, highlighting the interaction between the cytoplasmic
domain of GIRK (residues 41-63 and 190-386, GIRK¢p 1) and a
G protein a subunit (Goy3) bound to GTPyS, which reportedly
plays critical roles in the efficient activation and deactivation of
GIRK [13].

2 Materials

1. Goy; pET-24d plasmid.
2. GIRKcp.1 pET-24d plasmid.

3. E. coli BL21(DE3) CodonPlusRP competent cells (Agilent
Technologies).
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4.

11

14.

15.

16.

Luria-Bertani (LB) medium (H,0O): 10 g/L tryptone, 5.0 g/L.
yeast extract, and 5.0 g/L NaCl dissolved in Milli-Q water.
Adjust the pH to 7.4. Autoclave at 121 °C for 15 min.

. Luria-Bertani (LB) medium (D,0): 10 g/L tryptone, 5.0 g/L

yeast extract, and 5.0 g/L NaCl dissolved in 99.9% D,O.
Adjust the pH to 7.4. Sterilize with a 0.22 pm filter.

. M9 medium (D,0O) (see Note 3): dissolve 12.9 g Na,HPOy,

3.0 g KH,PO,, 1.0 g "*NH,CI, 0.5 g NaCl, 2.0 g 2H glucose,
and 1.0 g 2H, "®*N CELTONE® base powder in 1.0 L 0of 99.9%
D50, and add the following stock solutions: 2.0 mL of 1 M
MgSOy, 100 pL of 10 mM FeCl;, 1.0 mL of 1 mg/mL biotin,
100 pL of 50 mg/mL thiamine, 1 mL of 0.1 M CaCl,, 100 pLL
of 0.5 M ZnSOy,, 100 pL of 10 mg/mL choline chloride,
100 pL of 10 mg/mL folic acid, 100 pL of 10 mg/mL niacin,
100 pL of 1 mg/mL riboflavin, and 1.0 mL of 40 mg/mL
kanamycin sulfate. Adjust the pH to 7.4. Sterilize with a
0.22 pm filter. For the purification of [u->H] GIKR¢p.1, use
non-labeled NH,Cl and ?H CELTONE® base powder, instead
of ®'NH,Cl and *H, '®N CELTONE® base powder.

. 1.0 M Isopropyl B-p-1-thiogalactopyranoside (IPTG) stock

solution, dissolved in D,0.

. Purification buffer: 50 mM Tris-HCI (pH 8.0), 200 mM NaCl,

100 mM KCI, 1 mM DTT. Add 20 pM GDP for the purifica-
tion of [u-2H, ®N] Gus.

. HIS-Select® Nickel Affinity Gel (Sigma).
10.
. Spectra/Por® 7 MWCO 10K (Spectrum® Laboratories).
12.
13.

PreScission™ protease (GE Healthcare).

Glutathione Sepharose™ 4B (GE Healthcare).

Amicon®™ Ultra Centrifuge Filter Unit NMWL 10 kDa (Merck
Millipore).

Gel filtration buffer: 20 mM NaPi (pH 8.0), 100 mM NaCl,
50 mM KCl, 1 mM DTT.

Hiload™ 26/60 Superdex™ 200 pg column (GE
Healthcare).

NMR buffer (see Note 4): 10 mM HEPES-NaOH (pH 6.5),
10 mM MgCl,, 0.8 mM GTPyS, 5 mM DTT, 1 mM sodium
4 4-dimethyl-4-silapentane-1-sulfonate in 80% D,O.

3 Methods

3.1 Preparation of
the Deuterated
Acceptor Protein,
[u-?H, "N Gar;s

p—

Transform the E. coli BL21 (DE3) CodonPlusRP cells with the
Gayz pET-24d plasmid.

Inoculate 5.0 mL of LB medium (10% D,0O) containing
50 mg/L of kanamycin sulfate with a single colony from a
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freshly plated transformation. Grow overnight in a 37 °C
shaker incubator.

3. Centrifuge 1.0 mL of the culture at 4000 x g for 5 min and
remove the supernatant thoroughly, resuspend, and transfer
into 10 mL of LB medium (D,0O) containing 50 mg/L of
kanamycin sulfate. Grow overnight in a 37 °C shaker incubator
(see Note 5).

4. Centrifuge the culture at 3000 x g for 10 min and remove the
supernatant thoroughly, resuspend, and transfer into 100 mL
of M9 medium (D,0O). Grow overnight in a 37 °C shaker
incubator.

5. Centrifuge the culture at 4000 x g4 for 5 min and remove the
supernatant thoroughly, resuspend, and transfer into 900 mL
of M9 medium (D,0O). Grow in a 37 °C shaker incubator.

6. When the ODggonm reaches 0.5, decrease the incubation tem-
perature to 25 °C and grow for 30 min in a shaker incubator.

7. Induce protein expression by adding 1.0 mM of IPTG from an
IPTG stock solution. Grow for 8 h in a 25 °C shaker incubator.
The final ODggonm is typically between 1.8 and 2.0.

8. Harvest the cells by centrifugation at 7000 x g for 15 min at
4 °C. Resuspend the cell pellets in 50 mL of purification bufter
per liter of cell culture. If you do not proceed to purification
immediately, flash-freeze the cells in liquid N, and store at
-80 °C.

9. Lyse the cell suspension by sonication (on ice, with short bursts
to avoid excessive heating). Centrifuge the cell lysate at
100,000 x g for 30 min, and collect the supernatant.

10. Load the clarified cell lysate onto a 5.0 mL HIS-Select™ Nickel
Affinity Gel column equilibrated with purification buffer con-
taining 30 mM imidazole. Wash the column successively with 5
column volume (CV) of purification buffer containing 20 mM
imidazole, 5 CV of purification bufter containing 30 mM imid-
azole. Elute the Gayz protein with 5 CV of purification bufter
containing 100 mM imidazole, and 3 CV of purification bufter
containing 300 mM imidazole.

11. Pool the elution fractions and quantify the amount of the Goyz
protein by absorbance at 280 nm (e = 38,850 cm 'M 1), Add
5.0 U/mg protein PreScission™ protease. Dialyze against 30-
fold volume of purification buffer with a Spectra/Por® 7
MWCO 10K membrane at 4 °C for 12 h.

12. Load the protein solution subsequently onto a 2.5 mL Gluta-
thione Sepharose™ 4B column and a 2.5 mL HIS-Select™
Nickel Affinity Gel column to remove the protease and the
cleaved His-tag. Collect the flow-through and the wash frac-
tions. Typical yield of the protein is 5-7 mg/L culture.
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13.

14.

3.2 Preparation of 1.

the Non-labeled Donor
Protein, GIRK;p_, 2

Concentrate the protein to 5-10 pM with an Amicon® Ultra
Centrifuge Filter Unit. Add 100 pM GTPyS and incubate at
room temperature for 1 h.

Exchange the solvent to NMR buffer by sequential dilution
and concentration with an Amicon® Ultra Centrifuge Filter
Unit.

Transtorm the E. col BL21(DE3) CodonPlusRP cells with the
GIRKcp. 1, pET-24d plasmid.

. Inoculate 5.0 mL of LB medium containing 50 mg/L of

kanamycin sulfate with a single colony from a freshly plated
transformation. Grow overnight in a 37 °C shaker incubator.

. Transfer the cell culture into 1.0 L of LB medium. Grow in a

37 °C shaker incubator. When the ODggonm reaches 0.5,
decrease the incubation temperature to 25 °C and grow for
30 min in a shaker incubator.

. Induce protein expression by adding 1.0 mM of IPTG from a

stock of 1 M IPTG solution. Grow for 8 h in a 25 °C shaker
incubator. The final ODggonm is typically between 1.8 and 2.0.

. Harvest the cells by centrifugation at 7000 x g for 15 min at

4 °C. Resuspend the cell pellets in 30 mL of purification buffer
per liter of cell culture. If you do not proceed to purification
immediately, flash-freeze the cells in liquid N, and store at
—80°C.

. Load the clarified cell lysate onto a 5 mL HIS-Select™ Nickel

Affinity Gel column equilibrated with purification buffer con-
taining 30 mM imidazole. Wash the column successively with 5
CV of purification bufter containing 20 mM imidazole, 5 CV of
purification buffer containing 30 mM imidazole. Elute the
GIRKcp. 1. protein with 5 CV of purification buffer containing
100 mM imidazole, and 3 CV of purification buffer containing
300 mM imidazole.

. Pool the elution fractions and quantify the amount of the

GIRKcp.;, protein by absorbance at 280 nm (¢ =
11,460 cm*M™1). Add 5.0 U/mg protein PreScission™ pro-
tease. Dialyze against 30-fold volume of purification buffer
with a Spectra/Por® 7 MWCO 10K membrane at 4 °C for
12 h.

. Load the protein solution subsequently onto a 2.5 mL Gluta-

thione Sepharose™ 4B column and a 2.5 mL HIS-Select®™
Nickel Affinity Gel column to remove the protease and the
cleaved His-tag. Collect the flow-through and the wash
fractions.

. Concentrate the protein solution to ~10 mL. Filter the con-

centrated solution with a 0.22 pm filter unit.
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10. Load onto the HiLLoad™ 26,/60 Superdex™ 200 pg column
equilibrated with gel-filtration buffer. Collect the fractions
containing GIRKcp. 1, tetramer (typically 180-200 mL).

11. Exchange the solvent to NMR buffer by sequential dilution
and concentration with an Amicon® Ultra Centrifuge Filter

Unit.
3.3 Preparation of 1. Transform the E. coli BL21 (DE3) CodonPlusRP cells with the
the 2H-Labeled Donor plasmid pET24d-GIRK¢p 1.
Protein for a Control 2. Inoculate 5.0 mL of LB medium (10% D,0O) containing
Experiment, [u-*H] 50 mg/L of kanamycin sulfate with a single colony from a
GIRKcp., freshly plated transformation. Grow overnight in a 37 °C

shaker incubator.

3. Centrifuge 1.0 mL of the culture at 4000 x g for 5 min and
remove the supernatant thoroughly, resuspend, and transfer
into 10 mL of LB medium (D,0O) containing 50 mg/L of
kanamycin sulfate. Grow overnight in a 37 °C shaker incubator.

4. Centrifuge the culture at 3000 x g for 10 min and remove the
supernatant thoroughly, resuspend, and transfer into 100 mL
of M9 medium (D,0O). Grow overnight in a 37 °C shaker
incubator.

5. Centrifuge the culture at 4000 x g for 5 min and remove the
supernatant thoroughly, resuspend, and transfer into 900 mL
of M9 medium (D,0O). Grow in a 37 °C shaker incubator.

6. When the ODggonm reaches 0.5, decrease the incubation tem-
perature to 25 °C and grow for 30 min in a shaker incubator.

7. Induce protein expression by adding 1.0 mM of IPTG from a
stock of 1 M IPTG solution. Grow for 8 h in a 25 °C shaker
incubator.

8. Harvest the cells and proceed to the purification as described in
Subheading 3.2, steps 5-11.

3.4 TCS Experiments 1. Mix the purified [*H, 15N7 Gays (final concentration 300 pM)
and non-labeled GIRKcp.1, (final concentration 250 pM as a
tetramer). Centrifuge the mixed sample at 17,800 x g4 for
15 min at 25 °C to remove insoluble matters. Transfer the
sample to the NMR tube.

2. Determine an optimum "H 9(° pulse power, a water resonance
frequency, and a receiver gain. Check a "H 1D spectrum and a
'"H-'*N TROSY spectrum to confirm sample homogeneity and
purity (see Note 6).

3. The pulse scheme for the TCS experiment is shown in Fig. 2.
The pulse scheme consists of a band selective RF irradiation
period, followed by a "H-'>N TROSY scheme. During the RF
irradiation period, the carrier frequency is set to 0.83 ppm, and
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Fig. 2 Pulse scheme for the TCS experiment. Unless otherwise specified, pulse phases are along the x-axis.
Filled and open rectangles represent 90° and 180° pulses, respectively. The duration and the amplitude of the
sine-shaped pulsed magnetic field gradient applied along the z-axis: G1 = (1 ms, 15 G/cm); G2 = (0.6 ms,
40 G/cm); G3 = (1 ms, 22.5 G/cm); G4 = (1 ms, 25 G/cm); G5 = (0.6 ms, 8.1 G/cm). The bipolar gradient
(0.5 G/cm) is applied during the ¢ period. The delay = is set to 2.25 ms, and the delay & is set to 0.8 ms. The
following phase cycling scheme was used: ® = {y, —y, —x, x}; ¥ = {)}; ® = {x}; receiver = {x, —x, —y, 4. In
the N (t,) dimension, a phase-sensitive spectrum is obtained by recording a second free induction decay
(FID) for each increment of t;, with ® = {—y, y, —x, x}; ¥ = {—)}; ©® = {—X}; receiver = {x, —x, —, )}, and
inverting the sign of the G2. To measure a spectrum with RF irradiation of an aliphatic region, a band-selective
WURST-2 saturation scheme is applied during the T, period prior to the TROSY scheme. In this case, the
carrier frequency is switched to that for the irradiation (0.83 ppm) before the WURST-2 saturation period (Tsa1)
and back to the water frequency (4.7 ppm) just before the TROSY scheme. The adjusting delay (T,q) can be set
to an appropriate value for obtaining a sufficient signal-to-noise ratio. The scheme presented here is modified
from a basic TROSY experiment implemented in a TopSpin2.1 software (Bruker) as “trosyetf3gpsi,” which is
based on the scheme proposed by Zhu and coworkers [25]

the WURST-2 (the adiabatic factor Qp = 1.0) pulses with the
maximum amplitude of 0.17 kHz are successively applied in a
MLEV-16 phase cycling scheme [16]. Following the RF irradi-
ation period, the carrier frequency is switched to the water
frequency (4.7 ppm). Two spectra, with and without RF irra-
diation, are recorded alternatively for each >N increment. The
length of the RF irradiation period for saturation (7g,,) and the
adjusting delay (7.4;) are set to 1.5 s and 2.5 s, respectively, and
the number of scans for each increment is set to 80. A total
measurement time is 43 h (see Notes 7 and 8).

4. Perform a 2D Fourier transform of the time domain data to
obtain the frequency domain spectrum.

5. Measure the peak intensities of "H-'°N cross peaks with the RE
irradiation (Iy,), and those without the RF irradiation (I.f)
(Fig. 3a).

6. To evaluate the effect of the residual aliphatic "H nuclei within
Gayz, a control experiment is also performed with the same
procedures as described in steps 1-5, using the sample contain-
ing [?H,'®N] Goy; (final concentration 300 pM) and [u->H]
GIRKcp.1, (final concentration 250 pM as a tetramer). Record
the TCS experiments and measure the peak intensities of
TH-15N cross peaks with the RF irradiation (Ig(contror)), and
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Fig. 3 TCS from GIRKcp.. to Gos. (a) A selected portion of the "H->N TROSY spectra of the [u-2H, "°N] Gous
(300 uM) in the presence of non-labeled GIRKcp., (250 puM as a tetramer), which was recorded without (/eff)
and with (righf) RF irradiation. Cross-sections are also shown for the signals from Ala99 and Trp258. (h)
Procedures were the same as (a), except that [u-2H] GIRKcp., was used instead of non-labeled GIRKp., as a
control. The figures were originally published in the Journal of Biological Chemistry vol. 287, No.23, pp.
19537-19549, June 1, 2012. © 2012 by The American Society for Biochemistry and Molecular Biology, Inc.

those without the RF irradiation (Iieqcontron) (Fig. 3b) (see
Notes 9 and 10).

7. Calculate the difference in the signal intensity reduction ratios
(ARR) using an equation below. The ARR value represents the
cross-saturation effect from GIRKcp.1, on Ga;z. Calculate the
errors based on the signal-to-noise ratios.

1 sat) . (1 . I sat(control)) _ I sat(control) -

A =(1-— _
RR < Iref

Iref(control) 1 ref (control) It

8. Plot the ARR values according to the residue number (Fig. 4a),
and map the residues showing a significant ARR value
(ARR > 0.08, including errors) on the structure of the Ga
(Fig. 4b, c). These residues are located on the helical domain
(G89 in the oA helix; G112 and A114 in the oB helix) and the
GTPase domain (R208, K209, W211,1212, H213, E216, and
G217 in the a2 helix and the following loop; M240, K248,
1249, 1253, N256, and W258 in the o3 helix and the flanking
loops; E186 in the p2 strand). The mapping of these residues
on the structure of Ga revealed that the residues identified on
the GTPase domain of Ga;; were clustered, indicating that this
site mainly contributes to the GIRKcp.1, binding (see Notes
11-13).



(A)

0.4
0.3
0.2

W : ARR= 0.08

ARR

%‘

0.1 L |

o L S W M B ' Lllm# *II"IA'||"|+ piju ﬁ'|r|1lr|1+rh ihih H‘Iﬁﬁ'l mﬁ | A‘qmlﬁln.rh TN | 4
oql 11 21 a1l 4 51 61 73 U 1

’ B> ( ol ) a oA )

=1

0.4
0.3

0.2 ‘
| Il
0.1 +mr1+ﬁ]r1r|1ﬁ1r]1+\m| i ﬁi Iﬁ T I o ﬁnﬁ AT, grmmmﬁmnmmwm v #immmﬂ
61 1

1 o1 111 12 131 ([ TYaq '
) aB )} o HJED:

ARR

-0.1

0.4
0.3

0.2 |
% gw'mm,mﬁn o 1 RS i [T
0 181 19 201 11 UboqT 723

: p2— > :ﬁs:,) a2 B4

0.4
0.3
o 0.2 |

o 0.1 | m Iy I
< -J‘,m,rhm L. ﬂ] m . mm 4 |r|'u.-.;| L. mim\nm I| TR e N lﬁ Al ﬂmmmmmmm I
01271 ‘EBHJ U T2011 T 301 31 T 321 3317 1344 351 E%zi
\ Residue numggr6>

ARR

o

=

—:I*‘

o

(B) ©

W258 G217 E216 /FW258 G217
N256

J‘ \ I ;
I253 I212

GTPase| L249

domain K248
L M240
L
=}
Helical s
domain

G89

Fig. 4 (a) A plot of the difference in the reduction ratios (ARR) originating from the backbone amide groups
with and without irradiation in the presence of non-labeled GIRKcp and [u-2H] GIRKcp.. The residues
indicated by asterisks are those with no data mostly due to overlapping of the resonances or insufficient
signal-to-noise ratio. The error bars were calculated based on the signal-to-noise ratios. Bars corresponding
to the residues with significant intensity reductions (ARR > 0.08, including errors) are colored black. The
secondary structure elements of Gz are depicted in gray below the sequence. (b) Mapping of the affected
residues in the TCS experiment on the Ga structure (PDB code: 1GIA) is shown. The backbone nitrogen atoms
of the affected residues are shown as black balls in the ribbon diagram of the Ga structure, whereas the
residues with no data, including proline residues, are colored gray (leff). The affected residues are colored
black on the surface representations of the Ga structure (center and righf). The figures were originally
published in the Journal of Biological Chemistry vol. 287, No.23, pp. 19537-19549, June 1, 2012. © 2012 by
The American Society for Biochemistry and Molecular Biology, Inc.
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4 Notes

. In the acceptor protein, all hydrogens are replaced with *H,

except for the solvent-exchangeable amide hydrogens. And the
fraction of 'H for the exchangeable hydrogens is low in a
solvent with a low H,O/D,O ratio. In this situation, the spin
diffusion (dipolar cross relaxation between 'H within the
acceptor protein) is effectively suppressed.

. The lower bound of the dissociation rate constant is estimated

to be about 0.1 s~ from the simulation using a model spin
system [17].

. The ?H labeling efficiency of the acceptor protein is critical for

suppressing the spin diffusion effects from residual "H nuclei.
Use thoroughly dried beakers and culture flasks, and anhydride
phosphate when preparing the M9 (D,0) media.

. In the CS and TCS experiments, a solvent with a low H,O/

D, 0 ratio is essential for suppressing the spin diffusion within
the acceptor protein. However, the low H,O/D,O ratio also
reduces the observable magnetization by decreasing the 'H
occupancies of amide groups in the acceptor protein. Calcula-
tions using a model spin system showed that the H,O/D,O
ratio between 10% and 30% is desirable [17].

. To improve *H labeling efficiency, preculture is prepared in a

multi-stage process.

. The resonance assignment of the amide signals on the "H-'>N

TROSY spectrum needs to be established before conducting
the TCS experiment [18].

. The length of the T, and T.y; should be optimized according

to the systems. The use of the long 7;,, enhances the observed
cross saturation effect; however, the spin diffusion effects also
tend to be strong. The total repetition period, which mainly
depends on the sum of T, and T4, should be long enough to
obtain a sufficient signal-to-noise ratio. The short repetition
period results in signal attenuations, because the observable
magnetization has not returned to the equilibrated value at
the start of the sequence, due to a long longitudinal relaxation
time (T}) of amide "H nuclei in a buffer with a low H,O/D,0
ratio. The short repetition period can also lead to artifacts
originating from the site-to-site variance of the 77.

. The TCS experiments usually require a long measurement time

due to the setting of a long repetition delay and the low
observable magnetization in a buffer with a low H,O/D,0O
ratio. To overcome this difficulty, we have developed the
method to reconstruct 2D NMR spectra from the limited
number of data points utilizing the chemical shift information,
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10.

11.

12.

“conservation of experimental data in analysis of Fourier (Co-
ANAFOR),” which can shorten the measurement time to one-
half or one-quarter without the loss of the accuracy of signal
intensities [ 19]. The use of co-ANAFOR is particularly benefi-
cial, when the protein complexes are not stable and cannot
tolerate a long measurement time [20].

. Itis usually sufficient to perform a control experiment using the

sample containing only the acceptor protein. In the case of the
TCS experiment of Goyz and GIRKcp 1, the sample with high
protein concentration (total 550 pM) is needed to increase the
fraction of Goyz bound to GIRKcp 1. The high protein con-
centration causes an increase in solvent viscosity, which leads to
enhanced spin diffusion eftects caused by the slowing of the
overall tumbling motion. Therefore, we used the control sam-
ple containing [u->H] GIRKcp 1, to correct the effects of sol-
vent viscosity.

When the spin diffusion effects from the residual 'H severely
hamper the analysis, the use of selective RF pulses (I-BURP
[21] or continuous wave) would be effective. The use of selec-
tive RF irradiations reduces the direct saturation of the residual
"H nuclei and the exchangeable 'H nuclei in the hydroxyl and
thiol groups, alleviating the spin diffusion effects.

A CS experiment utilizing side chain methyl "H-"3C signals is
an alternative approach for the identification of a binding
surface [22]. Since the side chain methyl groups usually have
direct contacts with the interacting proteins, the efficiency of
the cross saturation is expected to be higher than that for main
chain amide groups. The combined use of the methyl-utilizing
CS experiment and the amide-based CS experiment would be
recommended for highly accurate determinations of the bind-
ing surfaces.

The binding surface of the donor protein can be identified
from several approaches. The simplest approach is to conduct
the experiment, in which the donor and the acceptor proteins
are swapped. This approach is effective when the both donor
and acceptor proteins can be isotopically labeled and observed
by NMR. Alternatively, amino acid selective cross saturation
(ASCS) experiment can be conducted [23]. The ASCS experi-
ment uses a donor protein, in which only one amino acid is
selectively "H-labeled in a ?H-background, and an acceptor
protein with uniformly ?H, '®N labeled. Using the three-
dimensional structure of each protein, the combinatorial anal-
ysis of multiple ASCS results can specify the CS-source resi-
dues, based on the spatial complementarity between the CS-
source residues on the CS donor and the amide protons on the
acceptor protein.
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13. The complex model structure can be obtained with the HAD-
DOCK (High Ambiguity Driven protein-protein DOCKing)
software [24]. The residues identified from the TCS experi-
ments are specified as the “active residues” in the program, so
that they form the interface of the complex. Then, models of
the complex satistying the TCS results are generated by the
rigid body docking procedures.
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Chapter 11

Studying Mechanosensitivity of Two-Pore Domain K*
Channels in Cellular and Reconstituted Proteoliposome
Membranes

Josefina del Marmol, Robert A. Rietmeijer, and Stephen G. Brohawn

Abstract

Mechanical force sensation is fundamental to a wide breadth of biology from the classic senses of touch,
pain, hearing, and balance to less conspicuous sensations of proprioception, blood pressure, and osmolarity
and basic aspects of cell growth, differentiation, and development. These diverse and essential systems use
force-gated (or mechanosensitive) ion channels that convert mechanical stimuli into cellular electrical
signals. TRAAK, TREKI, and TREK2 are K*-selective ion channels of the two-pore domain K* (K2P)
family that are mechanosensitive: they are gated open by increasing membrane tension. TRAAK and TREK
channels are thought to play roles in somatosensory and other mechanosensory processes in neuronal and
non-neuronal tissues. Here, we present protocols for three assays to study mechanical activation of these
channels in cell membranes: (1) cell swelling, (2) cell poking, and (3) patched membrane stretching.
Patched membrane stretching is also applicable to the study of mechanosensitive K2P channel activity in
a cell-free system and a procedure for proteoliposome reconstitution and patching is also presented. These
approaches are also readily applicable to the study of other mechanosensitive ion channels.

Key words K2P ion channel, TREK1, TREK2, TRAAK, Mechanosensitive ion channel, Membrane
tension gating, Patch clamp, Cell poking, Cell swelling, Patch inflation, Proteoliposome reconstitution

1 Introduction

Mechanosensitive ion channels transduce mechanical forces into
electrical currents. They underlie force sensation in hearing, bal-
ance, touch, and an increasingly appreciated repertoire of less con-
spicuous force sensations. In fact, mechanosensitive ion channel
activity is almost ubiquitous in cells, although the biological func-
tion of the currents in many contexts is unknown [1-5]. Cationic
depolarizing, anionic depolarizing, and K*-selective hyperpolariz-
ing mechanosensitive currents have been recorded from different
underlying ion channels. The K"-selective mechanosensitive
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currents are of two types: one is carried by a subset of voltage-gated
K*-selective (K, ) channels [6, 7] and the second is carried by a subset
of two pore domain K*-selective (K2P) channels [8, 9]. The three
related mechanosensitive K2P channels TRAAK, TREKI, and
TREK2 are intrinsically and remarkably mechanosensitive: they are
activated by membrane tension over essentially the entire range of
their accessible open probability [10, 11].

Here we present three robust and complementary assays we
routinely use for studying the mechanical activation of TRAAK and
TREK K2P channels: cell swelling, cell poking, and patched mem-
brane stretching. All three assays are applicable to recording chan-
nel activity in cells. Patched membrane stretching is also applicable
to studying mechanical activation of K2Ps in a fully reconstituted
system and a procedure for purification and reconstitution of
mechanosensitive K2Ps into proteoliposomes for this purpose is
also presented.

Cell swelling involves changing the osmolarity of the solution
surrounding cells. Hypo-osmotic bath solution causes water influx
into cells and the resulting volume change generates stress on the
plasma membrane. Depending on the physiology of the cell under
study, different cascades of downstream events can follow, but the
initial swelling is thought to generate tension in the plasma mem-
brane that can open mechanosensitive ion channels including
TRAAK and TREK channels. Their activation can be assessed by
electrophysiology. The advantages of this technique include sim-
plicity and adaptability to most recording setups and experimental
preparations. There are two major disadvantages of this technique.
First, although solution composition can be controlled precisely,
the assay is not perfectly quantitative because the mechanical
response of different cells to the same osmotic stimulus can vary.
Second, swelling is a slow process (typically on the order of seconds
depending on the solution exchange system) compared to channel
activation (which can occur on milli- to micro-second time scale).
As aresult, a number of intracellular signaling events are initiated in
parallel with the increase in membrane tension. It is difficult to then
distinguish whether changes in channel activity are due to tension
changes or intracellular signaling events. Channel activation from
hypo-osmotic shock thus may or may not be due to membrane
tension sensitivity.

Cell poking involves mechanically stimulating an individual cell
by depressing a blunt probe against its plasma membrane. The
probe is mounted on a stacked piezo actuator to control displace-
ment and the cell is simultaneously recorded with an electrode
through a distal region of the membrane [12, 13]. Compared to
swelling, poking stimuli can be delivered more rapidly (millise-
conds). This permits kinetic aspects of channel activation to be
reliably studied. Solution changes are not necessary and cells can
be studied in a more physiological context. However, it is still a
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challenge to quantify mechanical activation that results from the
membrane tension created by poking. While the position of the
probe can be precisely controlled, the tension created by probe
depression of the same distance will vary between cells as a result
of their different volumes and morphologies and poking different
parts of the same cell often generates different responses. Despite
these caveats, cell poking is in many ways the best approach for
studying mechanical activation of channels in a cellular context.

Patched membrane stretching involves applying steps of posi-
tive or negative pressure through the recording pipette to a patch of
membrane under study. The membrane is stretched by the pressure
change to create tension in the bilayer. Using a high-speed pressure
clamp allows for rapid (milliseconds) and precise changes in the
applied pressure [ 14]. There are several advantages to this approach
compared to cell swelling and poking. First, it permits quantifica-
tion of membrane tension. According to the Young-Laplace rela-
tionship, tension in the membrane is related to its radius of
curvature and the pressure difference across the bilayer. These can
be measured and tension calculated during patched membrane
stretching [15]. Despite some caveats to this approach including a
relatively high (~0.5-4 mN/m) and nonuniform basal tension in
the patched membrane [16, 17], it has been instrumental in char-
acterizing mechanosensitive channels [18-22]. Second, membrane
stretching is applicable to patches from cells in any configuration
(inside-out, outside-out, or cell-attached) and to patches from
proteoliposomes containing purified channels reconstituted into
fully defined lipid membranes [23]. The ability to study channel
mechanosensitivity in the absence of all other cellular components is
invaluable for understanding mechanisms of channel mechanosen-
sitivity: it is the only rigorous way to exclude roles of other macro-
molecules in sensing and transmitting force to a mechanosensitive
channel [24]. Without a reductionist approach, whether mechanical
force opens the channel through tension in the surrounding mem-
brane or by other means cannot be unequivocally determined.
Reconstitution furthermore permits the chemical and physical prop-
erties of the surrounding lipid bilayer to be systematically varied so
that their effects on channel activity can be determined.

Below we present procedures for studying mechanosensitivity
of K2P ion channels using these complementary approaches:
expression of mechanosensitive K2P channels in (1) cultured cells
for study with cell swelling, cell poking, and patched membrane
stretching assays and (2) in Pichia pastoris for purification, recon-
stitution into proteoliposomes, and study with patched membrane
stretching.
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2 Materials

2.1 Expression
of Mechanosensitive
K2Ps in Gultured Cells

2.2 Expression of
Mechanosensitive
K2Ps in Pichia pastoris

2.2.1 Transformation
of Pichia pastoris

222 Growth and
Expression of Pichia
pastoris

. Host cells: HEK293T, CHO-K1, or SF9 cells (see Notes 1 and 2).
. Growth media and reagents. HEK293T cell media: DMEM

with 10% Fetal bovine serum (FBS), 1% Glutamax, and 1%
nonessential amino acids. CHO-KI1 cell media: DMEM:F12
with 10% FBS, and 1% nonessential amino acids. Trypsin,
Dulbecco’s phosphate-buffered saline (DPBS), 35 mm plastic
tissue culture-treated dishes, and poly-Dp-lysine (PDL)-coated
coverslips.

. Transfection media and reagents: Fugene HD, Optimem

(see Note 3).

. Mechanosensitive K2P cloned into a suitable mammalian cell

expression vector (e.g., human TRAAK in pCEH [21]).

. Host cells: Pichia pastoris strain (e.g., SMD1163) stored as

glycerol stock.

. Mechanosensitive K2P cloned into suitable Pichia expression

vector to generate a protease cleavable, EGFP and His-tagged
fusion protein (e.g., human TRAAK-EGFP-10xHis in pPICZ

[21)).

. Solutions for transformation: 3 M Sodium Acetate pH 5.2,

100% Ethanol, 70% Ethanol, ice-cold 1 M Sorbitol (0.22 pm
filtered), 1 M HEPES-KOH pH 8.0, 1 M DTT, YPD (1% w/v
yeast extract, 2% peptone, 2% dextrose, se¢ Note 4),
100 mg/mL Zeocin in H,O.

. Selection plates: YPD with 1 M sorbitol, 2% w/v agar, and

0.5 mg/ml Zeocin (final concentrations).

. Equipment for transformation: electroporator, electroporation

cuvettes, 250 mL baffled flask, glass plating beads.

. Media components: 10x YNB (per liter: 100 g (NH4),SO4

and 34 g yeast nitrogen base without amino acids and without
ammonium sulfate), 10x Glycerol (10% v/v), 10x Potassium
Phosphate (KP;) pH 6 (per liter: 52.26 g K;HPO,and 95.26 g
KH,PO,), 250 Biotin (0.1 mg/mL in H,O), Methanol (see
Note 5).

. Prepared media: Glycerol growth media (BMGY: 1x YNB, 1x

Glycerol, 1x Biotin, 1x KP; pH 6) and Methanol expression
media (BMMY: 1x YNB, 1x Biotin, 1x KP; pH 6, 0.5% v/v
Methanol).

. Materials to freeze cells: Liquid nitrogen, silicone kitchen spa-

tulas, metal strainer, plastic bags.



2.3 Purification
of Mechanosensitive
K2Ps from Pichia

2.3.1 Materials Common
to Large and Small-Scale
Procedures

2.3.2 Materials for
Small-Scale Lysis and
Extraction Testing

2.3.3 Materials for
Large-Scale Lysis and
Purification

2.4 Reconstitution
of Mechanosensitive
K2Ps into
Proteoliposomes

Studying Mechanosensitivity of Two-Pore Domain. . . 133

. Cryogenic mixer mill and liquid nitrogen.

. Lysis Buffer (see Note 6, all final concentrations): 50 mM Tris-

HCI pH 8.0, 150 mM KCl, 1 mM EDTA pH 8.0, DNAse
(50 pg/mL), protease inhibitors (Leupeptin (1 pg/mL), Pep-
statin A (1 pg/mL), Soy Trypsin Inhibitor (10 pg/mL), Apro-
tinin (1 pg/mL), Benzamidine (1 mM), PMSF (1 mM), see
Note 7).

. Dodecyl maltoside (DDM) (see Note 8).
. Size-exclusion chromatography (SEC) buffer (all final concen-

trations): 20 mM Tris-HCl pH 8.0, 150 mM KCl, 1 mM
EDTA, 1 mM DDM.

. Liquid chromatography instrument and Superose 200 10,/300

size-exclusion column (se¢ Note 9).

. Eppendorf tube adapter for mixer mill.
. 0.1-0.25 mm glass beads.
. 8x DDM: 320 mM DDM in Lysis Buffer (163 mg DDM

added to 900 pL Lysis Bufter).

. 50 mL grinding jars, 25 mm diameter ball bearings, O-rings,

Styrofoam box for chilling grinding jars in liquid nitrogen.

. Fritted glass column, peristaltic pump, column flow adapter,

UV monitor, flatbed recorder.

. Cobalt immobilized metal chromatography (IMAC) resin

(e.g., Talon).

4. Lysis Buffer with 40 mM DDM.

921

. PreScission protease.

. IMAC bufters (volumes are for a purification from ~25 g Pichin

cells): TK (40 mL, 50 mM Tris-HCI pH 8.0, 150 mM KCl),
TKD (10 mL, TK + 6 mM DDM), TKDI10 (50 mL,
TKD + 10 mM imidazole), TKDI30 (25 mL, TKD + 30 mM
imidazole), TKDI300 (25 mL, TKD + 300 mM imidazole).

. Lipids (e.g., L-a-phosphatidylcholine from soybean or pure

lipids).

. Chloroform, Pentane.
. Argon gas stream supplied through a glass Pasteur pipette.
. De/Rehydration (DR) Bufter (100 mL/sample, 200 mM KCl,

5 mM HEPES-KOH pH to 7.2, 0.2 pm filtered).

. Vacuum chamber with Drierite desiccant.
. Purified mechanosensitive K2P.

. Bio-Beads SM-2 absorbent washed according to the manufac-

turer’s instructions followed by one wash into DR buffer.
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2.5 Electro-
physiology

2.5.1 Materials Common
to All Techniques

2.5.2 Cell Swelling

2.5.3 Cell Poking

2.5.4 Patched Membrane
Stretching

8.
9.

1.

Ultracentrifuge.
35 mm glass-bottom petri dishes.

Electrophysiology rig: inverted microscope (see Note 10) with
two high-resolution micromanipulators (<1 pm step size) on
an air table to minimize vibration, amplifier with head stage,
digitizer, computer, and computer interface.

. Electrode preparation: bleach, 1.5 mL Eppendorf tubes, silver

wire.

. Pipettes: pipette puller, 10 cm Borosilicate glass with filament

O.D.: 1.5 mm, I.LD.: 1.17 mm, microforge, 10x Eyepiece with
protractor, 2 mL syringes, 0.22 pm filters and fine injection
needles or microfil tips for filling.

. Pipette solution: 10 mM HEPES, 150 mM KCl, 3 mM MgCl,,

5 mM EGTA, pH 7.2 (adjusted with KOH). Filter to 0.22 pm.

. Bath solution, iso-osmotic: 10 mM HEPES, 100 mM NaCl,

15 mM KCl, 3 mM MgCl,, 1 mM CaCl,, 60 mM Sucrose or
Sorbitol. pH 7.3 (adjusted with NaOH), 315 mOsm /kg.

. Bath solution, hypo-osmotic: 10 mM HEPES, 100 mM NaCl,

15 mM KCl, 3 mM MgCl,, 1 mM CaCl,, 60 mM Sucrose or
Sorbitol. pH 7.3 (adjusted with NaOH), 250 mOsm /kg.

4. Grounding reservoir solution: 150 mM KCI.

. Diamond-shape perfusion chamber compatible with coverslips

with a small accessory reservoir for the grounding electrode (see
Note 11).

. Gravity-fed perfusion: 60 mL syringes, luer valve assortment

kit and tubing, 18 or 20 G needles, tubing.

. Salt bridges: 2-5% (w/v) agar in 1 M KCl, 10 cm Borosilicate

glass with filament O.D.: 1.5 mm, [.D.: 1.17 mm, microforge.

. Pipette solution: 10 mM HEPES, 150 mM KCl, 3 mM MgCl,,

5 mM EGTA, pH 7.2 (adjusted with KOH), 0.22 pm filtered.

. Bath solution: 10 mM HEPES, 15 mM KCI, 135 mM NaCl,

3 mM MgCl,, 1 mM CaCl,, pH 7.3 (adjusted with NaOH),
0.22 pm filtered.

. Piezo-driven actuator driven by a controller/amplifier con-

trolled through the electrophysiology software.

. Glass probes: pipette puller, 10 cm Borosilicate glass with

filament O.D.: 1.5 mm, I.D.: 1.17 mm, microforge.

. High-Speed Pressure Clamp (HSPC), pump, and tubing.
. Proteoliposome Bath Solution (se¢ Note 12): 5 mM HEPES,

200 mM KCl, 40 mM MgCl,, pH 7.2 (adjust with KOH),
0.22 pm filtered.
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. Proteoliposome Pipette Solution: 5 mM HEPES, 20 mM KCl,

180 mM NaCl, pH 7.2 (adjust with NaOH), 0.22 pm filtered.

. High magnification, high NA DIC objective (e.g., 100x 1.4

NA oil immersion) and image analysis software if calculating
membrane tension from patch radius of curvature.

3 Methods

3.1 Expression of
Mechanosensitive
K2Ps in Gultured Cells

3.2 Expression of
Mechanosensitive
K2Ps in Pichia pastoris

3.2.1 Transformation of
Pichia pastoris

. HEK 293 or CHO cells should be kept using standard sterile

technique in an appropriate cell culture environment. Cells
should be routinely passaged before reaching 100% confluency.

. Plate cells in 35 mm plastic dishes (for poking) or poly-p-

lysine-coated coverslips (for cell swelling or best optics)
3 days before the experiment day at 0.2-0.5 x 10° cells per
dish.

. One day later, transfect cells using Fugene HD following

recommended protocol (see Note 13). Cells will be optimal
for recording 3672 h after transfection (se¢ Note 14).

. Purity pPICZ Pichia plasmid DNA with cloned mechanosensi-

tive K2P.

. Linearize 7.5 pg plasmid DNA with 2 pL. Pmel at 37°Cfor 1.5h

in the appropriate buffer in 50 pL total volume (see Note 15).

. Ethanol-precipitate the DNA: Add 5 pL. 3 M Sodium Acetate

pH 5.2 and 225 pL. 100% Ethanol and precipitate at —80 °C for
atleast 1 h. Centrifuge >13,000 x gat 4 °C for 20 min. Decant
the supernatant carefully and wash the small clear pellet at least
once with 1 mL 70% Ethanol. Dry the DNA at room tempera-
ture for at least 1 h. Dissolve the dried DNA pellet in 10 pL
0.22 pm filtered H,O (see Note 16).

. Inoculate 40 mL YPD in a 250 mL baffled flask with 600 pL of

a SMD1163 Pichia pastoris glycerol stock.

. Grow overnight (~18 h) at 30 °C with shaking at 250 RPM to

an OD600 ~10.

. Transfer to a 50 mL tube and centrifuge 4000 x gat 4 °C for

5 min. Resuspend cell pellet with gentle vortexing in 30 mL
YPD and 6 mL 1 M HEPES-KOH pH 8.0.

. Add 1 mL sterile 1 M DTT and incubate at 30 °C for >15 min.
. Centrifuge 4000 x gat 4 °C for 5 min and wash the pellet twice

with 50 mL ice-cold 1 M Sorbitol.

. Resuspend cell pellet with gentle vortexing in 300 pL ice-cold

1 M Sorbitol. This suspension of competent Pichia cells should
be stored on ice and is suitable for use for several hours.
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3.2.2 Growth and
Expression of Pichia
pastoris

Small-Scale Growth

Large-Scale Growth

10.

11.

12.

13.

14.

15.

l6.
17.

Add 40 pL competent Pichia cells to the linearized DNA
resuspended in H,O and mix.

Transfer cells and DNA to the bottom corner of prechilled
electroporation cuvette. Gently tap to remove bubbles and
small droplets bridging the electrodes (see Note 17).

Incubate on ice for >5 min.

Electroporate cells with voltage set to 2 kV. The decay time
constant should be ~5 ms.

Add 1.0 mL ice-cold 1 M Sorbitol, transfer to a culture tube,
and incubate at 30 °C >1 h.

Add 0.5 mL YPD and incubate at 30 °C >1 h with shaking at
250 RPM.

Plate 300 pL on YPDS plates with 500 pg/mL Zeocin.

Grow plates at 30 °C for 3—4 days or until colonies are visible.

Because growth and expression conditions that maximize the yield
of purified mechanosensitive K2Ps can vary based on the exact
construct, strain, and growth environment, a procedure for opti-
mization using a small-scale lysis and extraction test followed by
fluorescence size-exclusion chromatography is presented. Large-
scale purification can then be performed using the optimal
conditions.

1.

Inoculate 2.6 mL of BMGY + 0.5 mg/mL Zeocin in a culture
tube with a single colony from a YPDS plate and grow at 30 °C
with shaking at 250 RPM overnight or until ODggg ~ 10-20.

. Prepare glycerol stock by adding 600 pL cells to 300 pL 50%

v/v sterile glycerol.

. Centrifuge 4000 x g for 5 min, resuspend cells in 2 mL

BMMY + 0.5 mg/mL Zeocin, and grow at 27 °C with shaking
at 250 RPM for 24 h (see Note 18).

. Centrifuge 4000 x g for 5 min, remove the supernatant, and

snap-freeze cells in liquid nitrogen. Store cell pellets at —80 °C.

. Prepare starter culture: Inoculate 10 mL BMGY + 0.5 mg/mL

Zeocin in a 50 mL baffled flask with ~100 pL of frozen glycerol
stock and grow at 30 °C with shaking at 250 RPM overnight
(ODgoo > 10).

. Prepare large-scale culture: Inoculate 1 L BMGY + 25 pg/mL

Zeocin in a 2.8 L baffled flask with 10 mL starter culture and
grow at 30 °C with shaking at 250 RPM until ODggo ~ 20 (see
Note 18).

. Transfer culture to a 1 L centrifuge bottle and centrifuge

8000 x g at 4 °C for 10 min. Resuspend cells in 1 L
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3.3.2 Large-Scale
Purification of
Mechanosensitive K2Ps
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BMMY + 25 pg/mL Zeocin, transfer to a clean 2.8 L baffled
flask, and grow at 27 °C with shaking at 250 RPM for 24 h (see
Note 19).

. Transfer culture to a 1 L centrifuge bottle, centrifuge 8000 x g4

at 4 °C for 10 min, and discard the supernatant. Scoop out the
pellet with an ethanol rinsed silicone spatula and scrape into a
metal strainer submerged in liquid nitrogen to snap-freeze the
cells. Transfer the frozen cells to a plastic bag, record cell mass,
and store cell pellets at —80 °C.

. Resuspend cells from small-scale growth (or ~50 mg of frozen

cells) in 750 pL of Lysis Buffer in a 1.5 mL tube.

2. Add ~0.75 mL glass beads.
. Mill 3 cycles at 30 Hz for 1.5 min per cycle. Incubate on ice for

2 min between cycles.

. Taking care to avoid glass beads, transfer the supernatant to a

new 1.5 mL tube on ice, wait for a minute to allow any
transferred beads to settle, and transfer 490 pL of supernatant
to a second new 1.5 mL tube.

. Add 70 pL. 8 x DDM to lysate, mix gently, and extract at 4 °C

with rocking for >1 h.

. Centrifuge >13,000 x g at 4 °C for 1 h to pellet insoluble

material.

. Load 100 pL onto SEC column equilibrated in SEC buffer and

monitor fluorescence using HPLC/FPLC to assess expression
level and biochemical stability.

. Fit two 50 mL grinding jars with ball bearing and o-rings, seal

tightly, and submerge in liquid nitrogen in a styrofoam box to
cool.

. Transfer 12.5 g of frozen cells into each chamber (see Note 20).
. Mill 5 cycles at 30 Hz for 3 min per cycle. Submerge chambers

in liquid nitrogen between cycles.

. Use a spatula to transfer milled cell powder into stirring extrac-

tion bufter at 4 °C, cover, and stir gently at 4 °C for 3 h. Check
pH periodically (typically after 30 and 90 min) and adjust pH
to 8 as needed with KOH.

. Transfer lysate to centrifuge tubes and pellet insoluble material

by centrifuging 30,000 x g at 4 °C for 45 min.

. Transfer 4 mL bed volume IMAC resin to a 15 mL falcon tube

and wash sequentially with H,O, TK, and TKD buffers by
mixing and centrifuging at 2000 x g at 4 °C for 3 min.

. Collect the soluble cell extract in a plastic beaker and add

washed IMAC resin. Stir gently at 4 °C for 3 h.
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3.4 Reconstitution
of Mechanosensitive
K2Ps into
Proteoliposomes

3.4.1 Lipid Preparation

8.

Collect resin in a fritted glass column.

9. Wash peristaltic pump, tubing, and UV monitor with H,O and

10.

11.

12.

13.

14.

15.

16.

17.

1.

a small amount of detergent-containing buffer (TKDIL1O0).
Blank the UV monitor. Connect the column and chart recorder
to the UV monitor and the peristaltic pump to the column
adapter and a buffer inlet line.

Wash the IMAC resin sequentially with TKDI10 and TKDI30
buffers until absorbance at 280 nm falls to baseline (sc¢e Note 21).

Elute the channel from the IMAC resin with TKDI300 buffer.
Collect the peak fraction in a 15 mL falcon tube on ice. Imme-
diately after elution, add EDTA pH 8.0 to 1 mM final
concentration.

Add PreScission protease at a 1:50-1:500 molar ratio and
incubate overnight at 4 °C with gentle inversion to cleave the
fused EGFP-10xHis tag.

Wash a spin concentrator (15 mL, 50 kDa MWCO) in
TKDI300 or SEC buffer by centrifuging 1500 x g at 4 °C

for 2 min.

Pellet any insoluble material in the elution fraction by centrifu-
ging 5000 x gat 4 °C for 5 min.

Concentrate the elution fraction containing mechanosensitive
K2P by applying to the washed spin concentrator and sequen-
tially centrifuging at 3000 x g at 4 °C for 5 min and mixing
until the volume is <500 pL.

Load onto SEC column equilibrated in SEC buffer and moni-
tor absorbance at 280 nm using HPLC/FPLC. Fractionate
mechanosensitive K2P containing peak that elutes at ~15 mL.

Assess purity of SEC fractions by SDS-PAGE and pool frac-
tions with pure channel. Quantify concentration of purified
channel and store at 4 °C until use in reconstitution.

Transfer 4 mg of lipid per sample to a clean 15 mL glass test
tube flushed with argon and fitted with a plastic screw cap with
Teflon plug. Add 2 mL chloroform and dissolve solid lipids by
gently rotating or inverting the tube.

. Dry lipids to a thin film at the bottom of the tube under an

argon stream inside a chemical hood. Submerge the tube in a
beaker of water during evaporation to keep from cooling exces-
sively. Pop any lipid bubbles at the bottom of the tube with the
tip of the glass pipette and keep under argon stream 5 min after
last visible traces of chloroform have evaporated to promote
drying.

. Add 2 mL pentane and dissolve lipids by gently rotating or

inverting the tube.
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4. Repeat drying process under argon stream, transfer to tube
vacuum chamber with desiccant, and remove all solvent
under vacuum for at least 2 h in the dark.

5. Remove from vacuum and layer dried lipids with argon.
6. Add DR buffer (1 mL/10 mg lipid) and bath sonicate until the

solution is transparent to ensure complete formation of small
liposomes.

1. Prepare reconstitutions in 15 mL centrifuge tubes. Each recon-
stitution consists of 0.4 mg of prepared lipids (0.4 mL of
10 mg/mL solution), a variable amount of channel in SEC
bufter (see Note 22), additional SEC buffer to ensure the final
concentration of detergent remains above its critical micelle
concentration, and DR buffer to make a final volume of
4 mL. The channel should be added last.

2. Layer with argon gas and rock at 4 °C for >1 h.
3. Add ~500 mg prepared Bio-Beads and rock at 4 °C for >3 h.

4. Transfer the supernatant to an ultracentrifuge tube. Avoid
transferring the beads.

5. Centrifuge >130,000 x gat 4 °C for 1 h.

6. Remove the supernatant, resuspend the pellet in 80 pL. DR
bufter, aliquot 20 pL samples into microcentrifuge tubes, snap-
freeze in liquid nitrogen, and store at —80 °C until use.

Most electrophysiology rigs can be easily adjusted to perform these
experiments. An inverted microscope most easily accommodates
the patching electrode and poking probe above the cells. The
patching electrode should be mounted on the headstage, which is
attached to a micromanipulator positioned on one side of the
sample.

1. Prepare electrodes: chlorinate the test and bath silver wire
electrodes to replenish the active AgCl coating by immersing
in fresh bleach in a 1.5 mL microcentrifuge tube for
10-20 min. Rinse with water before using (see Note 23).

2. Prepare salt bridges (see Note 24): bend the shaft of a borosili-
cate glass tube under a flame to obtain a U-shaped cylinder and
break to an appropriate size for bridging solutions in the
recording chamber and grounding well. Fill the glass with
agar by dipping the ends in 2% agar dissolved in 3 M KCI, dry
bridges, and store in 3 M KCl at 4 °C.

3. Prepare recording pipettes: Follow the pipette puller’s recom-
mended settings to pull pipettes of 2.5-4.0 MQ access resis-
tance when filled with the pipette solution. Lightly polish with
a microforge. Fill pipettes with a microneedle attached to a
3 mL syringe with a 0.22 pm filter immediately before use.
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3.5.2 Cell Swelling

10.

. Prepare the gravity-assisted perfusion device: place two 60 mL

syringes 30—40 cm above the microscope stage to serve as
solution reservoirs. Connect their outlets through plastic tub-
ing to a Y-shape connector and connect a needle at the end of
the single output tube to deliver solution to the perfusion
chamber. Place a roller or slider clamp on the single output
tube and pinch clamp valves on the tubes of both solution
reservoirs to control flow rate (see Note 25).

. Prepare the solution collection system: Connect a second needle

to a vacuum source through a fluid trap placed inside the Fara-
day cage. The tip of the collection needle will be placed on the
side of the recoding chamber opposite to the perfusion delivery
needle ~5 mm from the bottom of the chamber to keep the
height of the solution constant without drying the dish.

. Hill the solution reservoirs with iso- and hypo-osmotic bath

solutions. Flush air from the tubes by opening all pinch clamps,
turning the flow to high, and collecting the solution in a waste
container. Once cleared of air bubbles, adjust the flow to
2-3 mL/min and close pinch clamps. Fill tubing with iso-
osmotic bath solution by flowing for 1-2 min.

. Rinse the cells with iso-osmotic bath solution and place one

coverslip in the recording chamber in the 0.5 mL iso-osmotic
bath solution.

. Place the chamber on the microscope stage. Fill the grounding

reservoir with 150 mM KCl solution. Connect the grounding
well to the perfusion chamber through the salt bridge. Place
inlet and vacuum needles at the opposing ends of the recording
chamber.

. Open the iso-osmotic solution reservoir first, and then the

vacuum line, to establish the initial flow and liquid level.

. Localize the cells on the microscope’s field of view using

the 20x objective and adjust the microscope’s settings to
achieve the best possible contrast.

. Find a cell of interest and achieve a high resistance seal in whole

cell mode.

. Record families of currents evoked by holding voltages varied

from —100 mV to 100 mV in 20 mV steps until stable currents
are obtained (Fig. 1a).

Swell cells by opening the clamp for the hypo-osmotic solution
and closing the clamp for the iso-osmotic solution. Within a
few seconds, the cell should be visibly swollen (se¢ Note 26).
Record families of currents at varying holding voltage using the
same protocol. It is convenient to simultaneously record a
movie of the process. The cell can be returned to the iso-
osmotic solution to study reversibility of the process (see
Notes 27 and 28).
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Fig. 1 Protocols for electrical recording and mechanical stimulation for (a) cell swelling, (b, ¢) cell poking, and
(d, e) patched membrane stretching (see Note 40). Example current recordings from human TRAAK expressed
in CHO cells are presented above the protocol diagrams and were obtained using the bath and pipette
solutions described in the text. (a) Two voltage family protocols are separated by a solution exchange to
induce hypo-osmotic swelling. Each voltage family consists of steps to test voltages ranging from —100 mV to
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3.5.3 Cell Poking

<

. Prepare poking apparatus: add a second micromanipulator

opposite to the one holding the recording electrode and
mount the poking apparatus onto it. The recording electrode
and poking probe should each approach the sample ~45° from
the horizontal surface.

. Prepare poking probes: pull pipettes from borosilicate glass

using a similar program as for patching. Immediately after
pulling, use a microforge to seal the tips by holding the tip
close to heat source until the opening appears rounded and
closed. The tips should be smooth and ~2-3 pm in diameter.

. Rinse cells with bath solution and add 2 mL bath solution or

enough volume to obtain a depth of ~0.5 cm in the recording
chamber.

. Localize the cells on the microscope’s field of view using the

20x objective and adjust the microscope’s settings to achieve
the best possible contrast.

. Place a poking probe in its holder and position its tip near the

region of interest ~200 pm above the cells in a corner of the
field of view. Avoid crashing the tip against the glass surface (see
Note 29).

. Find a cell of interest and achieve a high resistance seal in whole

cell mode. Optimal cells for this experiment are relatively large
(~15 pm in one dimension) and minimally flat against the
surface. Choose a corner of the cell to establish the gigaseal
to leave most of the cell surface open for mechanical
stimulation.

. Record families of currents evoked by voltage from —100 mV

to 100 mV in 20 mV steps until stable currents are obtained.
Ensure the cell is healthy, the seal is tight, the access resistance is
not too high, and the cell displays the expected currents.

. Choose a bulky area of the cell for poking. Bring the tip of

poking probe to within 2 pm from the surface of the cell (see
Note 30). Record families of currents at varying holding

Y

Fig. 1 (continued) +40 mV in 20 mV increments for 400 ms from a holding voltage of —80 mV. (b) A variable
voltage, fixed probe depression family. The voltage family is analogous to (@) with the addition of a 150 ms
probe depression of a set distance during each voltage step. Only currents from sweeps at —80 mV, 0 mV, and
80 mV are shown. (c) A fixed voltage, variable probe depression family. Sweeps are performed from a holding
voltage of 0 mV. During each sweep, the probe is depressed for 100 ms. The depth of depression is increased
by 1 um in successive sweeps. Only currents from sweeps of 5, 6, and 7 pm depression are shown. (d) A
variable voltage, fixed pressure application family. The voltage family is analogous to (a, ¢) with the addition of
a 500 ms pressure pulse of a set value during each voltage step. (e) A fixed voltage, variable pressure family.
Sweeps lasting one second each are performed from a holding voltage of 0 mV. During each sweep, pressure
is applied for 250 ms. The amount of pressure applied is increased by 10 mmHg in successive sweeps. Only
currents from —10, —20, and —30 mmHg are shown
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voltage with a fixed depth probe stimulation or families of
currents at a fixed holding voltage with varying depth probe
stimulations. It is convenient to simultaneously record a movie
of the process (see Notes 31 and 32) (Fig. 1b, ¢).

Membrane patches from cells or from proteoliposomes can be
stretched to activate embedded mechanosensitive K2Ps. Cell pre-
parations are as described above. Considerations for bending pip-
ettes to enable patch imaging and membrane tension calculation,
preparation of proteoliposomes for patching, and setup of the
recording rig for patched membrane stretching are described
below.

If desired, pipette tips can be bent to observe changes in the radius
of curvature of the patched membrane so that resulting changes in
membrane tension can be calculated.

1. Place polished 2.5-4 MQ tip in the microforge, center and
align the pipette tip along the vertical axis of the eyepiece
protractor, and orient the heating filament in the plane of the
tip on the side of the eyepiece protractor (Fig. 2b, c).

2. Heat the shank of the tip where the horizontal and vertical axes
of the eyepiece protractor cross. The tip will bend toward the
filament. Match the angle between the micromanipulator and
the sample plane such that when the bent tips are loaded in the
pipette holder, the tip shank is approximately parallel to the
sample plane (see Note 33).

1. Thaw an aliquot of proteoliposomes and dispense in several
drops on a 35 mm glass-bottom dish.

2. Dry >3 h in a vacuum chamber in the dark to dehydrate the
proteoliposomes.

Fig. 2 Proteoliposome reconstitution and patched membrane stretching. (a) Photograph of dehydrated/
rehydrated proteoliposomes in a 35 mm glass-bottom dish prior to addition of bath solution. Seven, 3 pL
drops of proteoliposomes were dehydrated prior to rehydration overnight with 20 pL DR buffer. (b) A pipette tip
positioned next to the filament of a microforge (/eff) prior to and (righf) after application of heat to bend the tip
to a ~35° angle (c). (d) A bent pipette tip positioned adjacent to a group of unilamellar proteoliposomes to be
patched. (e) A bent pipette tip with patched membrane. The radius of curvature of the membrane can be fit and
used with the recorded pressure difference to calculate tension within the membrane
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Patched Membrane
Stretching and Analysis

. Rehydrate the proteoliposomes with 20 pLL DR buffer. The dry

lipids spots should not be touching. Add DR butffer such that
each lipid cake is covered and drag the solution between the
cakes to connect as many as possible. Place rehydrating proteo-
liposomes within a humid chamber at 4 °C overnight (Fig. 2a).

. Move the sample to the microscope stage and gently add

~5 mL of proteoliposome bath solution to the dish. Avoid
letting solution rush over the proteoliposomes to limit floating
debris that can clog pipettes and inhibit seal formation.

. Localize a suitable unilamellar proteoliposome in the micro-

scope’s field of view using the 20x or 40x objective and adjust
the microscope’s settings to achieve the best possible contrast
(Fig. 2d, see Note 34).

. Prepare pressure clamp: connect a pressure clamp headstage to

the port of the recording electrode holder with a short piece of
tubing. Stable connections are important to minimize pipette
drift (see Note 35). Connect the pressure clamp headstage to a
vacuum and pressure pump and controller such that pressure
can be controlled through the digitizer and recording software.

. Load a pipette and achieve a high resistance seal in the appro-

priate configuration. Cell-attached, inside-out, or outside-out
patches can be studied from cells. Proteoliposome patches form
in the inside-out configuration (se¢ Notes 36 and 37).

. Record families of currents evoked by voltage from —100 mV

to 100 mV in 20 mV steps until stable currents are obtained
and to ensure good seal formation.

. Record families of currents at varying holding voltage with a

fixed pressure pulse or families of currents at a fixed holding
voltage with varying pressure stimulations (Fig. 1d, e, see Note

38).

. If using bent pipette tips, a movie can be simultaneously

recorded. Before stimulation, move the pipette to a field of
view free from background material. Switch to a high magnifi-
cation objective (e.g., 100x DIC 1.4NA oil immersion) prior
to imaging.

. Tension (7) may be estimated in each frame by applying the

Young-LaPlace equation, T'= APR/2, with R equal to the
radius of curvature of the patched membrane and AP equal to
the pressure difference across the membrane (Fig. 2¢). Patched
membrane radii of curvature can be fit manually in conven-
tional image analysis software (e.g., Image]) or automatically
with a custom script. Tension changes can then be correlated
with the electrophysiological data (see Note 39).
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4 Notes

. We have found that common cell lines vary greatly in their

expression of endogenous currents (both mechanosensitive
and otherwise) and ease of transfection, patching, and growth.
In our experience, CHO-K1 cells are particularly suitable for
studying mechanosensitive channel activity because they are
electrically quiet and have only small (or not measurable)
mechanically activated currents. A disadvantage of the CHO
cells is that they tend to express transfected channels at lower
current densities compared to other cells. HEK293T cells are
easier to transfect, patch, and tend to grow under most condi-
tions, but typically contain significant endogenous voltage-
gated potassium channel activity and Piezol-dependant
mechanosensitive currents [25]. If HEK cells are to be used,
endogenous Piezol activity can be distinguished from trans-
fected K* channels through the reversal potential of the cur-
rents evoked. Piezol currents reverse around 0 mV under the
tenfold potassium concentration gradient used throughout this
chapter, while K currents reverse at Ex = —59 mV.

. Cultured insect cells can be used as an alternative to mamma-

lian cells. We have successfully used these techniques with Sf9
cells, which express low levels of endogenous channel activity
and are amenable to patching.

. We prefer Fugene for transfection as it is minimally toxic to

cells.

. Prepare by autoclaving yeast extract and peptone, cooling, and

adding 0.22 pm filtered 20% dextrose.

. YNB, glycerol, and KP; can be autoclaved and Biotin should be

filter sterilized.

. This general lysis buffer is appropriate for the purification of

human TRAAK and zebrafish TREKI channels. Modifications
may be necessary to promote biochemical stability of other
channels.

. Leupeptin, Soy Trypsin Inhibitor, Aprotinin, and Benzamidine

(1 mM) are prepared as 1000 x stocks in water, aliquoted, and
stored at —20 °C. Pepstatin A is prepared as a 1000x stock in
9:1 v/v Methanol:Acetic acid, aliquoted, and stored at —20 °C.
PMSF is prepared as a 100x stock in ethanol and stored at
room temperature with molecular sieves to keep anhydrous.
PMSF should be added immediately prior to addition of cells.

. Detergents are stored under argon in a desiccator at —20 °C.

Prior to use, they are warmed to room temperature before
opening to prevent condensation inside the bottle.
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9. Asingle HPLC or FPLC equipped with an absorbance detector

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

(280 nm), fluorescence detector (EGEP fluorescence; 488 nm
excitation 508 nm emission), and fraction collector would be
sufficient for both small and large-scale procedures. We use a
dedicated HPLC with an autosampler for small-scale testing
and FPLC for large-scale purifications.

Optics should minimally be sufficient to discern features of
mammalian cells. A 20x DIC objective is sufficient for most
procedures, but 40x-100x DIC objectives are desirable.

In our experience, a diamond-shaped chamber gives the best
result as it ensures laminar flow across the bath. The recording
chamber should be able to easily accommodate coverslips and
have a small volume (<500 pL). If the perfusion chamber does
not include the reservoir for the grounding electrode, a de-
capped 1.5 mL tube attached to one side of the chamber can be
used.

If recording from patched membranes from cells, use the
pipette and bath solutions in Subheading 2.5.3.

Other transfection reagents require higher cell confluency at
the time of transfection.

Overgrown cells are not optimal for recording. HEK cells in
particular will develop electrical connections between adjacent
cells in close proximity, generating very large capacitive peaks
and endogenous currents.

Pmel linearizes pPICZ within the 5" AOX1 promotor region.
Additional Pmel sites must not be present within the mechan-
osensitive K2P gene.

The presence of residual salts in the linearized DNA reduces
the transformation efficiency.

Arcing during electroporation will result in a loud popping or
cracking sound. Cells may still be plated, but the efficiency will
be lower. The two causes of this are high concentrations of
residual salts from insufficient washing of DNA and the pres-
ence of small bubbles or droplets bridging the cuvette plates.

Reducing the concentration of zeocin at this stage to a level
sufficient to inhibit bacterial growth is sufficient to prevent
contamination and has no negative consequences on expres-
sion or yield.

Expression times can be varied and optimal expression assessed
by small-scale lysis and FSEC. Human TRAAK is optimally
expressed ~48 h post methanol induction.

In our experience, ~0.5 mg of human TRAAK or zebrafish
TREKI can be purified from 25 g Pichia cells which is approx-
imately the amount recovered from a 1 L culture. Volumes are
reported for purification from 25 g of cells.
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The amount of contaminating proteins eluting in TKDI30 will
vary and human TRAAK and zebrafish TREK1 will elute
almost exclusively in TKDI300.

We have found that reconstitution ratios of 1:10 (w/w) chan-
nel:lipid give large (nA) currents in patches and ratios of
1:1000 result in a few channels per patch.

Electrodes should be routinely chlorinated to recoat with
AgCl. Once every 1-3 days of active recording is typically
acceptable.

The grounding electrode should be placed in a separate
grounding well connected to the recording chamber with a
salt bridge to avoid offset artifacts from the changes in liquid
junction potential during the experiment. This is particularly
important for swelling experiments where the bath is con-
stantly perfused. We store prepared salt bridges for months at
4 °C with no contamination, but sodium azide can be added to
the storage solution to prevent microbial growth it desired.

This simple setup can be extended to deliver more solutions by
using manifold valves.

Most cells subjected to hypo-osmotic shock will gradually swell
and then recover to close to their original size upon switching
back to iso-osmotic solution. However, in some cases, we
observe a membrane bleb form around the cell during swelling.
This may be due to membrane detachment from the underly-
ing cytoskeleton, appears to be irreversible, and accompanies
cell death. We do not use recordings from cells in this state.

HEK and CHO cells are healthy to record from for 1-3 h after
being removed from the incubator. However, we do not record
from a single cell for more than ~15 min as cells usually begin
showing signs of compromised health after this time.

We replace the coverslip after each swelling trial because it is
unclear whether multiple rounds of swelling are detrimental to
cell health or result in changes to cellular physiology.

We use the same poking probe for successive experiments.

The probe can be brought down until it just touches the cell to
establish the position at which contact occurs and then imme-
diately brought back up by a known distance. It is important to
start the recording without stimulation such that the poking
probe is not touching the cell.

Occasionally, the cell will show a surface indentation at the
point of probe contact. In this case, we withdraw the poking
probe and reposition it in another part of the cell.

We find that different parts of the cell respond with variable
magnitude, suggesting that there is a positional aspect to the
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33.

34.

35.

36.

37.

38.

experiment. It is unclear whether this is due to nonuniform
spatial distribution of channels and/or membrane tension
upon poking. Different target regions of the cell can be eval-
uated to identify the position for recording maximal poking-
evoked currents.

In practice, angles ~5° shallower than the angle between the
micromanipulator and the sample plane are preferred. This
prevents tips from being discarded because they are over bent
and cannot reach the target.

Multilamellar proteoliposomes will appear thicker at their
edges and will not form proper high resistance seals. Unilamel-
lar proteoliposomes are typically located at the edges of lipid
cakes, or more frequently, loosely tethered to veins of dried
proteoliposomes that emerge from and connect the dried lipid
cakes. Intact unilamellar proteoliposomes will quiver if the
microscope stage is gently tapped.

The most common sources of pipette drift in our experience
are: (1) over or under-tightened micropipette holder connec-
tions and (2) cable forces from the connection between the
pipette holder and pressure clamp headstage. Cable forces and
drift can be reduced by incorporating a luer connection that is
fixed to the microscope stage in the tubing line between the
pressure clamp headstage and pipette holder.

If patching proteoliposomes, apply positive 5-10 mmHg pres-
sure to keep the pipette tip clean while approaching the target
membrane. Upon contacting the proteoliposomes, dropping
the pressure to between 0 and —10 mmHg typically results in a
rapid GQ seal in the inside-out configuration. Maintain zero or
slightly positive pressure on the patch in between negative
pressure pulses to minimize creep during the experiment.

Proteoliposome patches containing mechanosensitive K2Ps
will immediately show increases in K* current upon pressure
stimulation. Patches from cells, in contrast, often display only
small increases in K current upon pressure stimulation imme-
diately after formation or excision. The magnitude of the
response increases over time to a stable regime and can be
accelerated by “exercising” the patch with steps of applied
pressure. This run-up phenomenon is likely due to the gradual
dissolution of cortical cytoskeleton that is initially intact in the
patch membrane as inclusion of cytoskeleton disrupting drugs
in the bath solution accelerates this process. We exercise
patches from cells with steps of moderate pressure until a stable
response is observed.

While pressure steps in either direction will activate mechan-
osensitive K2Ps in patches of any configuration, in our experi-
ence, cell-attached, inside-out, and proteoliposome patches are
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most mechanically stable when stimulated with negative pres-
sure and outside-out patches are most stable when stimulated
with positive pressure.

A trigger cable can be used to initiate camera acquisition at the
onset of electrical recording to facilitate data synching. Alter-
natively, images and recordings may be synchronized using
time stamps in the metadata.

Mechanosensitive potassium currents should display a reversal
potential of close to the equilibrium potential for K* which is
approximately —59 mV in the tenfold K* concentrations used
here. This feature can be used to distinguish mechanically
evoked activation of potassium currents from background
and leak currents. It is convenient to using a holding voltage
of 0 mV in the constant voltage protocols because currents
from nonselective mechanosensitive channels (and leak cur-
rents) will be zero at this voltage, while K*-selective currents

from mechanosensitive K2Ps will be outward and nonzero.
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Chapter 12

Migration of PIP, on KCNQ2 Surface Revealed by Molecular
Dynamics Simulations

Qiansen Zhang and Huaiyu Yang

Abstract

Lipids and membrane proteins are the main components of cell membranes. Lipid-protein interactions are
dynamic because these interactions typically occur on shallow protein surface clefts. Molecular dynamics
(MD) simulations provide a tool for studying the dynamics of these interactions. Here, we describe the
interactions of phosphatidylinositol-4,5-bisphosphate (PIP,) with both the open and closed states of a
KCNQ2 channel. Through these methods, we show that a lipid can migrate between different binding sites
in a protein and this migration modulates protein functions.

Key words Potassium channel, Lipid, Molecular dynamics simulation, Migration, PIP,, Lipid-protein
interaction, Lipid-binding site

1 Introduction

A long-standing goal within the field of ion channels is to elucidate
the molecular mechanisms of lipid regulations on channel
function—from lipid-channel binding to major conformational
changes essential to channel function. Important breakthroughs
toward this goal have been made by using various experimental
techniques, such as electrophysiological techniques [1], X-ray crys-
tallography [2], and electron cryo-microscopy [3]. These techni-
ques are useful as they can provide information about the static
structure and lipid binding of channels. However, lipid-channel
interactions are usually highly dynamic and lipid motions are critical
to channel function [4-7]. Different from these experimental tech-
niques, molecular dynamics (MD) simulations can generate contin-
uous, atomic-resolution trajectories, providing a potentially
powerful technique for investigating structure-activity relationships
between lipids and channels, including the lipid-binding process
and pathways. The MD method was introduced in the 1950s [8],
and it is a method that integrates Newton’s equations of motion in
time to update the positions and velocities of all the atoms by
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alternately computing the forces acting on each atom. MD simula-
tions have been a popular tool to study lipids and membrane
proteins [5, 9].

Lipid-channel interactions are dynamic because these interac-
tions typically occur on ion channels’ shallow surface clefts rather
than in deep pockets [10, 11]. MD simulations allow membrane
protein structures to be computationally re-embedded into lipid
bilayers, and their dynamic interactions with surrounding lipid
molecules to be characterized [12]. However, recent simulation
studies probing lipid interactions mainly focused on lipid binding
to an individual site of the channel, rather than the properties of
dynamic lipid interactions with ion channels. In this chapter, we
introduce the MD simulation methods and procedures that studied
the PIP,-KCNQ2 interaction. The simulation results show that
PIP, can dynamically migrate between different binding sites in
the KCNQ2 channel with significant impacts on channel gating. A
similar procedure has been successfully used to identify the migra-
tions of very small molecules in proteins, such as CO migration in
myoglobin [13]. Here, we start from the structural models of the
open and closed states of KCNQ2 channels by using computer
homology modeling methods. Then we built the simulation sys-
tems based on the open and closed states of the KCNQ2 channel
models. In these systems, the KCNQ2 channel models are sepa-
rately embedded into the cell membrane, and PIP, molecules are
also included in the inner leaflet of the cell membrane and far away
from the channel models. We subjected each simulation system to
two independent 1-ps MD simulations and observed the PIP,
molecules dynamic interactions with the KCNQ2 channel models.
Our results suggest that MD simulation methods can also be
applied as a powerful tool to reveal the migration of lipids on a
protein surface [4].

2 Materials

The procedures or servers laid down in this chapter require the
availability of several software components, and most of them are
freely available for academic purposes. The commands are provided
assuming a Unix-like environment (Linux/BSD) and user-level
knowledge of such systems.

1. UniProt database (http:/ /www.uniprot.org/): To access pro-
tein sequence and functional information.

2. CLUSTALW Web server (www.ebi.ac.uk/Tools/msa/
clustalw2): Helps to generate the multiple sequence alignments.
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. SWISS-MODEL repository (https: //swissmodel.expasy.org/):

A database of annotated 3D protein structure models gener-
ated by the SWISS-MODEL homology-modeling pipeline.

. RCSB Protein Data Bank: A database of experimental macro-

molecular structures (see Note 1).

. MODELLER: A program for protein structure modeling

implemented in Discovery Studio 2.6 (see Note 2).

. PROCHECK (http: //www.ebi.ac.uk /thornton-srv/software /

PROCHECK/): A tool for analyzing stereochemical quality of
a protein structure, producing a number of PostScript plots ana-
lyzing its overall and residue-by-residue geometry (see Note 3).

QMEAN server (http://swissmodel.expasy.org/qmean): A
server for protein model quality estimation (se¢ Note 4).

. GROMACS (http: //www.gromacs.org/): A suite of programs

for molecular dynamics simulations (se¢ Note 5).

. PyMOL (The PyMOL Molecular Graphics System, Version

1.3, Schrodinger, LLC): A program that is used to visualize
the structure models and generate figures.

VMD (Visual Molecular Dynamics) (http: //www.ks.uiuc.edu/
Research/vmd /) program: For visualization of molecular
dynamics trajectories and for displaying protein or membrane
structures. In addition, it can also be used to create snapshots
of the bilayers (se¢ Note 6).

3 Methods

3.1 Homology
Modeling of Open- and
Closed-State KCNQ2
Channels

The preparation work before MD production was done on PC
computers or workstations. MD simulation was performed on a
mainframe computer, such as Tianhe 1A.

1.

2.

The amino acid sequence of human KCNQ2 (043526) was
retrieved from the UniProt database.

SWISS-MODEL repository was used to search for suitable
template structures for homology modeling. Crystal structures
such as the rat Kv1.2 (PDB code 2A79), and the Streptomyces
lividans open- and closed-state KcsA structures (PDB codes
3PJS and 3EFF) were chosen as suitable templates for homol-
ogy modeling of the open- and closed-state KCNQ2 channels,
respectively. These template structures were downloaded from
PDB database. Meanwhile, the closed-state conformation of a
Kvl.2 /Kv2.1 “paddle chimera” channel [14] was also selected
to model the transmembrane segment of the closed-state
KCNQ?2 channel.
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Fig. 1 Multiple sequence alignments. (a) Multiple sequence alignment for Kv1.2, Kv1.2/Kv2.1 chimera, and
human KCNQ channels. (b) Multiple sequence alignment for KcsA and human KCNQ channels

3. Sequence alignment of input model sequences and template
structures were carried out using the CLUSTALW Web server
(Fig. 1, see Note 7).

4. MODELLER automodel was used to build homology models
of the KCNQ2 channel. We have generated five models for
both the open- and closed-state KCNQ2 channels.

5. In the loop refinement procedure for each model, the lowest
DOPE score model was selected for loop refinement purposes.
The loop refinement was carried out using the MODELLER
loop model in Discovery Studio 2.6 (see Note 8).
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open-state KCNQ2 closed-state KCNQ2

Fig. 2 The homotetramer structure of open- and closed-state KCNQ2 channels

3.2 Simulation
Systems

. The fourfold symmetry structures of the KCNQ2 homotetra-

mer were constructed according to the symmetry matrix of the
Kv1.2 crystal structure by using PyMOL (Fig. 2).

. Structure validation was carried out using PROCHECK and

QMEAN software tools by submitting modeled channel struc-
tures (see Notes 3 and 4).

. The structural models for mutant KCNQ2 channels were built

from the open-state KCNQ2 model by mutating R160 or all of
the basic residues (R153, R155, R158, R160, K162, R165,
and K166) located in the S2-S3 linker to alanines (se¢ Note 9).

. Preparing a complete membrane. The VMD Membrane

Builder plugin automates this process. In the Membrane win-
dow, select the POPC Lipid using Charmm36 force field and
change the Membrane X Length and the Membrane Y Length
to 140. Then save the membrane without waters (se¢ Note 10).

. Aligning proteins in the POPC membrane. The open- and

closed-state WT and R160A mutant KCNQ2 channel models
were embedded separately into a POPC bilayer by aligning the
protein’s axis of symmetry with the bilayer normal using VMD.

In each system, lipids that were located within 1 A of the
KCNQ?2 channel were removed.

. Inserting the PIP, molecule. Four PIP, molecules were added

manually to the inner leaflet of the POPC bilayer by replacing
the overlapped POPC molecules. The initial positions of the
PIP, molecules were at least 15 or 20 A away from any atom of
the channel, respectively.

. Solvating systems. Each system was solvated by TIP3P waters

with 0.15 M KCI by the follow steps in Gromacs and using
VMD to check:
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open-state KCNQ2 closed-state KCNQ2

Fig. 3 The simulation systems of open-state (a) and closed-state (b) KCNQ2 channels. The channels are shown
in cartoon, viewed from intracellular side. PIP, molecules, shown as spheres, are placed far from the channel

3.3 Running MD
Simulations

(a) Building a box. $ editconf —f channelX-POPC gro —box 14
14 11 —o channelX-POPC_boxgro (see Note 11).

(b) Solvating with water. $§ genbox —cs spc2l6gro —cp
channelX-POPC_boxgro —p topol.top —o channelX_sol.gro
(see Note 12).

(c) Adding neutralizing counterions. $ grompp —f ions.mdp —
channelX_solgro —p topoltop —o channelX_ions.tpr (see
Note 13).
$ genion —s channelX_ions.tpr —o channelX_solv_ionsgro—p
topol.top —pname K —nname CL —conc 0.15 —neutral.

. The coordinate files of the simulation systems (channelX_sol-

v_ionsgro) were ready for minimization (Fig. 3) to avoid bad
contacts, which often are created during this process. After
minimization the systems were ready for simulation.

. Running a simulation in Gromacs is a two-step process when all

files are ready. The first step is to generate a file (*.tpr) with all
the previously gathered information. $ grommp —f *.mdp —c *.

gro —p *.top —o *.tpr.

. Once the tpr file is correctly generated the simulation can be

performed by using the command: § mdrun —v —deffnm *.tpr.

. Heating with restraints on the solute. The next stage of the

refinement protocol is heating the minimized systems to
300 K. The v-rescale method [15] is used for maintaining
and equalizing the system temperature.

. Equilibration steps. After the systems have been successfully

heated up, the equilibration steps were performed with the
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binding with S4-S5 linker and S2-S3 linker binding with S2-S3 linker

Fig. 4 Analyzing the PIP, migration pathway and binding sites at the surface of the KCNQ2 channel. (a) One of
the migration trajectories of a PIP, molecule between the S4-S5 linker and the S2—S3 linker in the simulations
of the open-state KCNQ2 channel. (b—d) Intracellular side view of the three representative binding models of
PIP, during the migration trajectory: PIP, binding with the S4-S5 linker (b), PIP, binding simultaneously with
the S4-S5 linker and S2-S3 linker (¢), and PIP, binding with the S2—S3 linker (d)

Isobaric-Isothermal (NPT) ensemble. These phases were run
for 27 ns in total to equilibrate the lipid bilayer and the solvent,
with restraints on PIP, and the main chain of the transmem-
brane domain (se¢ Note 14).

5. MD production phase. Two independent 1-ps production runs
were performed for each system (see Note 15). VMD software
was used to visualize and analyze the motion trajectories of the
PIP, molecules, such as in Fig. 4.
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4 Notes

Psi (degrees)

. Homology modeling is a method to predict the 3-D structure

of'a protein sequence when the crystal structure is not available.
The open and closed-state KCNQ2 models were not available
in the PDB database. We used the homology modeling method
to predict their 3-D structures.

. MODELLER is a separate program for homology modeling.

Note that it requires registration, but it is free for academic use.

. PROCHECK analysis indicated that stereochemical parameters

and side chain packing densities of the two models are within

the acceptable range as there are few outlier residues (about
2.8% and 3.7%) (Fig. 5).

. The QMEAN server provides access to two scoring functions

successfully tested at the eighth round of the community-wide
blind test experiment CASP. The QMEAN Raw scores of
0.061 and 0.069 (estimated model reliability lies between
0 and 1) and z scores of —7.65 and —7.55 further suggested
the eligible quality of the KCNQ2 models.

. Gromacs is a popular, freely available and relatively user-

friendly set of programs for MD simulations. The version we
used is 4.6.

. For the membrane built by VMD, it just supports the POPC
and POPE components of the membrane that are based on the
charm27 or charmm36 force fields. In our work, we used the

POPC bilayer membrane that is based on the charmm36 force
field.

b

Psi (degrees)

Phi (degrees)

Phi (degrees)

Fig. 5 Ramachandran plot calculations of the psi/phi angle distribution of the open-state (a) and closed-state
(b) KCNQ2 models computed with the program PROCHECK
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During the homology sequence alignment, the highly con-
served residues were used to guide the alignment. The result
of the sequence alignment is shown in Fig. 1. The $4-S5 linker,
S5, and S6 regions of the Kv channels are highly conserved,
which directly provides a reliable basis for mapping the posi-
tions of these regions of KCNQ channels based on the struc-
tures of the Kvl.2 and Kv1.2/Kv2.1 chimera channels.
Although residues are not so highly conserved in S1-54 seg-
ments as in the S5 and S6 segments, the conserved residues,
EO0, E1, D3, R1, R2, R3, R4, and R5, provided enough infor-
mation to locate the positions of the S1-S4 segments. The
conserved phenylalanine in the S2 segment also helped to
map the position of the S2 segment. As a result, the positions
of the S1-84 segments could be accurately mapped.

. The structures of the loops located in the inside or outside of

the membrane are generated randomly, and the reasonable
fragment conformations were chosen from the top ten candi-
dates that have the lowest RMS values and considerable geo-
metrical compatibility.

. In PyMOL, there is a mutagenesis wizard that can be used for

rebuilding side chains, by mutating the broken residue to the
same type, allowing choosing between different rotamers.

For the POPC molecule, the Charmm36 force field allows for
MD simulations to be run in the tensionless ensemble (NPT),
and is anticipated to be of utility for simulations of pure lipid
systems as well as heterogeneous systems including membrane
proteins.

“*.gro,” contains the initial coordinates of each atom present

in the simulated system. The X, 7 box sizes (14 nm) have to be
the same as the x- and y-size in the POPC bilayer above. They
can be found in the last line of “channelX-POPC_box.gro”
(first two numbers).

“* top” contains the descriptions of the forces between the
atoms (molecular topology and force field). In this chapter,
the CHARMM36—-CAMP force field [16] was applied for the
protein and the POPC phospholipids, and Lupyan et al.’s [17]
PIP, model was used.

“* mdp” contains specification of the algorithms used in the

calculation and their parameters. The grompp program may
give you some warnings or even errors.

During the equilibration steps, we relaxed all of the loops of
KCNQ2 models to obtain more reasonable loop conformations.

As the KCNQ2 channel contains a large cytoplasmic domain
(536 residues) after residue 337, the motions of the C-terminal
residues 313-337 should be restrained by the cytoplasmic
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domain. Since no similar structure is available in the databank
to allow construction of a homology model for this domain, we
applied conformational restraints (isotropic force constant
k = 1 x 103 kJ/mol/nm?) to the Ca atoms of residues
313-337 to mimic the effects of the missing cytoplasmic
domain on the motion of these residues.
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Chapter 13

Studying Structural Dynamics of Potassium Channels by
Single-Molecule FRET

Shizhen Wang, Joshua B. Brettmann, and Colin G. Nichols

Abstract

Single-molecule FRET (smFRET) can visualize conformational dynamics of individual ion channels in lipid
bilayers of defined composition. Dynamic and distance measurements from smFRET, combined with single
channel recordings, can provide previously unattainable direct mechanistic insights into ion channel
function and modulation. smFRET measurements require site-specific fluorophore labeling between two
distinct sites, which is a major challenge for multimeric ion channels. This chapter aims to provide a step-by-
step protocol: (1) to design concatemeric constructs with only two cysteine residues within a homotetra-
meric channel; (2) to express, purify, label, and reconstitute channel proteins; (3) to perform smFRET
imaging on channel proteins in liposomes with an objective-based Total Internal Reflection (TIRF)
microscope; and finally (4) to analyze the FRET distributions and dynamics that reflect the dynamic
conformational transitions of ion channels in membranes.

Key words Membrane protein, Ion channel, Conformational dynamics, Fluorophore labeling, Sin-
gle-molecule FRET, TIRF

1 Introduction

Ton channels are integral membrane proteins that selectively con-
duct ions, thereby controlling many physiological processes [1].
Since gated currents through single-ion channel pores were first
observed, over 40 years ago [2 ], many channels have been recorded
and analyzed at the single-channel current level, revealing mecha-
nistic insights to the physical states underlying gating transitions
[3]. Over the last 20 years, high-resolution structures of ion chan-
nels in different static conformations have informed the structural
changes of the gating transitions [4-8]. However, the atomic
structures obtained by crystallography or electron-microscopy are
typically from protein molecules frozen in stable states and often in
environments other than lipid bilayers. Reconstructing the confor-
mational trajectories from these static ‘snapshots’ and correlating
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them with dynamic gating events of ion channels in cell membranes
may not always be straightforward, or even apparent.

Fluorescent resonant energy transfer (FRET) can be used to
assess intramolecular structures and structural changes in response
to physical or chemical stimuli. Single-molecule FRET (smFRET)
can report unsynchronized conformational trajectories, reveal
structural distributions and transitions, and uncover rare structural
states, which are unattainable for ensemble measurements [9, 10].
In recent years, smFRET has been extensively used to examine
conformational dynamics of nucleic acids and soluble proteins,
but has rarely been applied to membrane proteins [11-15]. Study-
ing ion channels, in particular multimeric ion channels, with
smFRET presents significant technical challenges of protein purifi-
cation, fluorophore labeling, and functional reconstitution.

In this chapter, we provide step-by-step protocols detailing
how to prepare smFRET samples for the study of structural dynam-
ics of tetrameric potassium channels. We describe critical controls
to help avoid potential artifacts and bias in such measurements. The
protocols we describe may also be useful for studying conforma-
tional dynamics of other ion channels or transmembrane proteins.

2 Materials

2.1 Plasmids and
Proteins

2.2 Protein
Purification and
Fluorophore Labeling

Prepare all the solutions using ultrapure Milli-Q water (resistance
>18.2 MQ). All the chemicals should be of analytic grade purity,
except as specified.

KirBacl.l plasmids, as well as the cysteine configurations of the
resulting tetrameric proteins, as shown in Fig. 1, are described in
detail in original publications [15, 16], and are available upon
request (see Note 1).

1. Cell Resuspension Buffer (CSB): 50 mM Tris-HCI, 150 mM
KCl, 250 mM Surcose, 10 mM MgCl,, 10 mM imidazole,
pH 8.0, containing 2 mM TCEP, 0.02 mg/mL DNase I, 1
EDTA-free Protease Inhibitor Cocktail tablet per 50 mL resus-
pension (see Note 3).

2. Washing Bufter (WB): 50 mM Tris-HCI, 150 mM KCl, 5 mM
n-Decyl-p-p-Maltopyranoside (DM), 10 mM imidazole, 2 mM
TCEP, pH 8.0.

3. Elution Bufter (EB): 50 mM Tris-HCI, 150 mM KCI, 5 mM
DM, 400 mM imidazole, 2 mM TCEP, pH 8.0.

4. Labeling Reaction Buffer (LRB): 20 mM Hepes-KOH,
150 mM KCI, 5 mM DM, pH 7.0 (see Note 4).

5. Gel Filtration Buffer (GFB): 20 mM Hepes-KOH, 150 mM
KCl, 5 mM DM, 1 mM TCEP pH 7.5.
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Plasmids KirBa

Channel
Protein
configurations

KirBac1.1 WT
(Monomeric tetramer)

c1.1

WT/pQE60

165

2*GGGS linker 2*GGGS linker

thrombin site

<1 1\300

thrombin site
6*His tag
Hingy

thrombin site
6*His tagd
Hingy

KirBac1.1
2*WT/pQE60

KirBac1.1
4*WT/pET28a

KirBac1.1 WT-WT
(Dimeric tetramer)

KirBac1.1 WT-WT-WT-WT
(Tetrameric tetramer)

Fig. 1 KirBac1.1 plasmids and the subunit configurations of the resulting proteins for smFRET studies (Wang

et al. [15])

2.3 Protein
Reconstitution

2.4 PEG/Biotin-PEG
Passivation

2.5 Single-Molecule
Imaging

O 0 N O\ Ul B W N

— b
w b = O

—

. POPE/POPG lipid solution: POPE/POPG/biotinylated-
POPE lipid mixer (73:25:2, w/w/w), dissolved in 20 mM
Hepes-KOH, 150 mM KCI, 30 mM CHAPS, pH 7.5, with
final total lipid concentration as 10 mg/mL (see Note 5).

. Reconstitution Buffer (RB): 20 mM Hepes-KOH, 150 mM
KCIL, pH 7.5.

. Dremel-3000 with 0.75 mm diamond drill bit.

. Slides (25 x 75 mm) and coverslips (24 x 60 mm).

. Glass-staining dishes and 250 mL flask.

. Propane torch.

. Nitrogen gas.

. Methanol.

. Acetone.

. 3.0 M KOH.

. Acetic acid, glacial.

. N-(2-Aminoethyl)-3-Aminopropyltrimethoxysilane.
. mPEG-Succinimidyl Carbonate, MW5000.
. Biotin-PEG-SC-5000.

. 0.1 M sodium bicarbonate.

. Saturated  6-hydroxy-2,5,7,8-tetramethylchroman-2-carbox-

ylic acid (Trolox) solution: Dissolve 30 mg of Trolox in
10 mL of milliQ water, mix gently overnight on a rocker,
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2.6 Customized TIRF 1.

Microscope and
Software

then pass through a syringe filter with 0.22 pm pore size, the
final concentration is ~3.0 mM.

. Oxygen scavenging stock (Gloxy, 100x): 1 mg/mL (~160 U/

mL) glucose oxidase, and 0.04 mg/mL (~2200 U/mL) cata-
lase in 50 mM Tris—-HCI, 50 mM NaCl, pH 8.0. The stock can
be stored at —20 °C for up to 6 months.

. NBA stock (100x): 200 mM NBA (4-nitrobenzyl alcohol)

dissolved in DMSQO, store at —20 °C.

. COT stock (100x): 200 mM COT (cyclooctatetraene) dis-

solved in DMSQO, store at —20 °C.

. Imaging buffer: 20 mM Hepes-KOH, 150 mM KCI, 1 mM

EDTA, 1 mM EGTA, pH 7.5, containing 0.8% dextrose,
~3 mM Trolox, degassed by a low vacaum pump for 10 min
(see Note 6).

. T50: 10 mM Tris—HCI, 50 mM NaCl, pH 8.0.
. Crimson fluorescent beads (ThermoFisher, CATA#F8806, 0.2

um size with excitation and emission peak at 625 and 645 nm,
respectively).

The configuration of the TIRF microscope with a dual-view
beam splitter is illustrated schematically in Fig. 2. The custo-
mized objective-based TIRF microscope we used was

CRISP auto-focus Nikon TE-2000s

Nikon TUSU Laser Box

EMCCD camera

Fig. 2 Schematic of the optical configuration of the TIRF microscope for single-
molecule FRET imaging
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constructed on a Nikon TE-2000S inverted fluorescence
microscope with a 100x 1.49NA Nikon Apo TIRF objective
lens. The imaging system is equipped with a Nikon D-Eclipse
C1 TIRF illumination system containing a 532 nm (Sapphire
532-LP, 100 mW, Coherent Inc.) and a 640 nm (OBIS 640-
LX, 40 mW) laser. A CRISP autofocus system (780 nm, ASI
Inc.) is used to compensate for focus drift due to thermal
fluctuations or mechanical vibrations that are not avoided by
the use of a floating air table. An OptoSplit IT LS Image Splitter
(Cairn Research Inc) with ZT638RDC-UF2/ET585/65/
ET700/75 filter set (Chroma Inc.) is used to split the donor
and acceptor emissions, which are imaged by an Evolve 512
delta emCCD camera (Photometrics Inc.).

2. NIS-element AR software is used for collecting images and
movies (see Note 6).

3. IDL8.2 software is used to analyze single-molecule image
movies. A set of IDL scripts developed by the group of Dr.
Taekjip Ha to align donor and acceptor channels, identify
individual molecules, and extract the fluorescence intensity
time traces is available for download at https://cplc.illinois.

edu/software/.

4. Matlab is used to visualize, select, and analyze these traces
interactively. A script set developed by the Ha group is available
for download at https: //cplc.illinois.edu/software /.

3 Methods

3.1 Protein Perform protein purification and labeling procedures by following
Purification and the flowchart in Fig. 3, with additional details included in the
Labeling following protocols.

1. Protein expression and purification.

(a) Transform KirBacl.l cysteine mutant constructs into the
E. coli BL21gold(DE3) host strain, inoculate the transfor-
mants in Luria Broth medium, grow at 37 °C until
OD600 reaches ~0.6, then induce with 0.1 mM IPTG
at 22 °C overnight.

arvest E. coli expressing KirBacl.1 proteins by centrifu-

b) H E. coli expressing KirBacl.1 proteins by ifu
gation and then resuspend the cells in CSB, 20 mL/L of
culture.

(c) Break cells by passing through an M-110P Microfluidizer
3%, with an operating pressure of 18,000 psi, cooling with
an ice/water mixture.

(d) Extract KirBacl.l proteins by adding 30 mM DM and
rotate at 4 °C for 3 h.


https://cplc.illinois.edu/software/
https://cplc.illinois.edu/software/
https://cplc.illinois.edu/software/

168

Shizhen Wang et al.

KirBac 1.1 Expression
BL21gold(DE3) in LB
Induce with 0.1mM IPTG at 22°C

v

Harvest Cells
resuspend in 20mL of CSB/1Lculture
then distrupt cells using a microfluidizer

v

Solublize KirBac 1.1
Add 30mM DM for 3hrs at 4°C
centrifuge at 30K, 20min

|

Metal affinity purification
Mix with Talon resin for 1 hr at 4°C
wash with 30 bed volumes WB
fractionally elute with EB

!

Size Exclusion Chromatrography
collect tetrameric protein fractions

|

KirBac 1.1 Labeling
Alexa Fluor 555 and 647 c2-Malemide
at 1:1 mixture in DMSO
Protein to dye 1:5 molar ratio1hr
terminate with 10mM 2-mercaptoethanol

!

Remove Free Dye
rerun metal affinity purification
wash 100-200 bed volume WB

then elute

Fig. 3 Flowchart of protein expression, purification, and fluorophore labeling

(e) Spin the cell lysate at 30,000 x g for 20 min, mix the
supernatant with Talon metal affinity resin (0.4 mL 50%
slurry per liter of culture), and gently stir in a rocker for
lhat4°C.

(f) Spin down the resin at 300 x g, discard the supernatant
and pour the resin into a small column, wash with 30 bed
volumes of WB.

(g) Elute the KirBacl.l proteins with EB (see Note 7).

2. Protein labeling.
(a) Perform size-exclusion chromatography (SEC) on the
purified protein using a Superdex-200 10,/300 column
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3.2 Protein
Reconstitution

3.3 Single-Molecule
Imaging

—

with a flow rate of 0.5 mL/min, collecting 0.5 mL frac-
tions with an AKTA FPLC system. Use LRB as running
buffer, collect the KirBacl.l tetrameric protein fractions,
with peak usually at ~12.0 mL, and then concentrate to
2 mg/mL with an Amicon Ultra-4 centrifugal filter (see
Note 8).

(b) Start the fluorophore labeling immediately by adding
DMSO-dissolved Alexa Fluor 555 and 647 ¢2 maleimide
(1:1 mixture) to the KirBacl.1 protein solution to a final
protein:dye molar ratio of 1:5. Conduct the labeling reac-
tion at room temperature for 1 h, then terminate with
10 mM 2-mercaptoethanol (sec Note 9).

(c) Separate the KirBacl.1l protein conjugated with fluoro-
phores by conducting another metal affinity chro-
matographic purification as described in step le-g (see
Note 10).

. Add 10 pg KirBacl.1 protein to 200 pL of POPE /POPG lipid

solution (10 mg/mL) to make a final protein:lipid ratio of
1:200 (w/w), and then incubate at room temperature for
20 min.

. Prepare a Sephadex G-50 column with 2 mL bed volume,

equilibrate it with RB, and then centrifuge for 30 s in a swing-
ing bucket centrifuge at 1000 x g to dry the column.

. Load 200 pL lipid-KirBacl.l protein mixture onto the spin-

dried column and then collect KirBacl.1 proteoliposomes by
centrifuging at 800 x g for 30 s.

. Immediately before single-molecule imaging experiments,

extrude the proteoliposomes 29 times through a polycarbonate
membrane with a pore size of 50 nm (se¢ Note 11).

. Prepare sample chamber slide for single-molecule imaging as

summarized in the flowchart in Fig. 4.

(a) Drill a pair of 0.75 mm diameter holes in the glass slide to
form each sample chamber; up to five separate sample
chambers can be made for each slide of regular size
(I x 3in.).

(b) Sonicate the glass slide and coverslips in a glass-staining
dish for 30 min in acetone, 30 min in methanol, 30 min
in 3 M KOH, rinsing with milliQ water between each
solution.

(c) Rinse the slides and coverslips 6 x with MilliQ water.

(d) Rinse 3x with methanol and then dry the slides and
coverslips with nitrogen gas.


https://www.google.com/search?rlz=1C1NWPB_enUS593US593&espv=2&biw=1920&bih=975&q=Sephadex+G+50&spell=1&sa=X&ved=0ahUKEwjaiJSsqL3PAhVK3IMKHVRuDqgQBQgZKAA
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/

Rinse then

in Acetone

Drill holes in glass slides
5 sample chambers per slide
2 holes, one on each side of the slide per chamber

|

| Clean slides/coverslips in glass containers

sonicate 30 min | —»

Burn Slides (20sec)
and Coverslips (3sec)

- - Rinse then . .
Rinse with Rinse with
. .
MiliQ Water sonicate 30 min | =y iy \water
in methanol
) - - Rinse then
Dry with Rinse with . .
Nli'tsllfogen <“— MiliQ Water <4— | sonicate 30min
in 3M KOH

Coat slide surface with Amino Silane
Clean a flask with methanol
In flask mix methanol, acetic acid amino-silane
Incubate with slides/coverslips 10 min
Sonicate 1 min then incubate a further 10 min
Wash slides and coverslips with methanol

:

Coat slide surface with PEG:Biotin-PEG
100:3 PEG:Biotin-PEG
Incubate PEG mixture on slide/coverslip overnight
Wash with water and dry with nitrogen gas

!

Store slide/coverslip in 50mL falcon tube
Seal in vacum bag and store at -20°C

I

Assemble slides
Use double sided tape to create sample chambers
Seal with instant epoxy

Fig. 4 Flowchart of protocol for preparing slide chamber for single-molecule imaging

(e) Flame slides (<20 s) and coverslips (<3 s) to remove any
fluorescent organic molecules and set aside in clean stain-

(f)

ing jars.

Clean a flask by filling with methanol and sonicating for

5 min, then rinse 3x with methanol.

bate for another 10 min.

(g) Add 100 mL methanol to the clean flask, then add 5 mL
acetic acid and 1 mL amino-silane using a glass pipette.
Mix the solution by gently shaking, then add it into
staining jars containing clean glass slides and coverslips,
incubate for 10 min, sonicate for 1 min, and then incu-
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(h)
(i)

Wash the mixture oft by rinsing with methanol six times
and dry the slides and coverslips using nitrogen gas.

For ten sample chambers, dissolve 100 mg mPEG and 3 mg
biotin-PEG in 800 pL 0.1 M sodium bicarbonate (freshly
made and filtered through a 0.22 pm filter). Mix with a
pipette gently and then spin at 14,000 x g for 1 min.

Apply 70 pL PEG mixture on each slide, place coverslip
over each slide, and then incubate in a dark and humid
box for 4 h or overnight.

Dissemble the slides and coverslips, wash with MilliQ
water extensively, then dry with nitrogen gas.

Put each slide /coverslip set in a 50 mL falcon tube with
coated surfaces away from each other, seal the tube in a
vacuum bag with a regular food saver and then store at
—20°C.

Before smFRET imaging experiments, assemble the
slides and coverslip using double-sided tape (~0.1 mm
thick) and seal the chamber using instant Epoxy.

A complete video instruction is also available at Journal of
Visualized Experiments, demonstrated by Chandradoss
et al. [17] (http://www.jove.com/video,/50549 /sur
face-passivation-for-single-molecule-protein-studies).

2. Alignment of the OptoSplit II LS Image Splitter.

(a)

(b)

(d)

Prepare a bead slide for aligning the OptoSplit II LS
Image Splitter by diluting the crimson fluorescent beads
(Invitrogen, Cata#F8806) 50x with 1 M Tris—HCI,
pH 8.0. Assemble a clean coverslip and slide with
double-sided tape (~0.1 mm thick), add and then seal
the diluted beads into the slide chamber by instant Epoxy.

Add a drop of immersion oil to the objective lens and mount
the bead slide on the microscope with the coverslip facing
the objective lens. Ensure there are no visible air bubbles
trapped between the coverslip and the objective lens.

Excite the crimson fluorescent beads with a 532 nm laser,
adjust the laser incident angle to set the evanescent field
penetration depth, to ensure that only the crimson fluo-
rescent beads on the inner surface of the coverslip are
excited.

Adjust the OptoSplit IT LS Image Splitter, align the donor
(from 545 to 620 nm) and acceptor (from 660 and
750 nm) channels to the left (X[1-256]:Y[1-512]) and
right half (X[257-512]:Y[1-512]) of the emCCD camera
chip, respectively. In live-acquisition mode, visually
inspect the alignment of the donor and acceptor channels
pixel by pixel, then acquire a short movie and analyze the


http://www.jove.com/video/50549/surface-passivation-for-single-molecule-protein-studies
http://www.jove.com/video/50549/surface-passivation-for-single-molecule-protein-studies
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Alexa Fluor 647

Alexa Fluor 555

Liposome
(POPE/POPG)

KirBac1.1

POPE

- — Neutravidin

Coverslip

Laser

Fig. 5 Objective-based TIRF setup to perform single-molecule imaging on
KirBac1.1 reconstituted into liposomes

mapping with the IDL scripts. Iteratively repeat alignment
and mapping until fluorescence emissions from the same
beads appear at equivalent positions of the donor and
acceptor channels with deviations less than 2 pixels for
both horizontal and vertical directions.

3. Collect movies on the proteoliposomes.

(@)
(b)
(¢)

Remove the aligning slide and mount a sample chamber
on the microscope.

Hydrate the sample chamber with 50 pL of T50, incubate
for ~1-5 min.

Set the exposure time, focus on the inner surface of the
coverslip by looking for fluorescent contaminates or sur-
face scratches, then adjust the laser power, incident angle,
and the electronic multiplying (EM) gain to optimize
image quality.

Add 50 pL of neutravidin solution (0.25 mg/mL, in
T50), incubate for ~1-5 min.

Dilute KirBacl.l proteoliposomes with reconstitution
buffer, starting at 1:100,000 dilution, and load the mix-
ture into the slide chamber. The liposomes will immobilize
on the surface of the coverslip as illustrated schematically in
Fig. 5. Increase the proteoliposome concentration to opti-
mize the number of emission spots in each view, but well
separated from each other (se¢ Note 12).

Take 100 pL of imaging buffer, add 1 pL COT and 1 pL.
NBA, then add 1 pL Gloxy and gently mix the imaging
buffer with a pipette, flush away the proteoliposome sam-
ples with imaging buffer, and collect 5-10 movies for
every sample /condition (see Note 13).
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3.4 Data Analysis
3.4.1 Data Collection

3.4.2 Trace Selection

BEAD and PROTEIN SAMPLES

concentration
LASER EMCCD CAMERA
power exposure time
incident angle EM gain

\ collect movies /

NIS-Elements software
if stack files / 16 bit

\

mol convert movies rotein sample
bead Sa. pie < LabView software > P H P
movies pma binary files / 8 bit movies
| donor/acceptor channel map T ‘

v

identify molecules

extract intensity profiles
IDL software
molecule location .pks files
fluorescence intensity profiles .traces files

'

select traces

Matlab software

.dat files
Analyze dynamics Analyze distributions
cross-correlation,dwell times histogram\contour maps
transition rates etc transition density plots etc.

Fig. 6 Flowchart for collection and analysis of SmFRET data

The overall procedures to collect and analyze imaging data are
summarized as a flowchart in Fig. 6. Identify single-molecule
spots and extract time intensity profiles using the IDL script set.
If the movies are collected by NIS-elements or pManager, export
them first as .tif stack files and then convert them into .pma (8-bit
binary image stack file format) files, using a Labview script devel-
oped in the Nichols lab, available upon request.

Visualize and manually select the traces using the Matlab script
developed by the Ha group, then save them as .dat files, with
time, donor, and acceptor intensities in three columns separated
by a space. A good practice is to select traces independently by two
researchers, at least for part of data, to ensure there is no significant
bias in trace selection. The general standards to pick traces are
(Fig. 7a, b):
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Fig. 7 Studying structural dynamics of KirBac1.1 reconstituted into liposomes by single-molecule FRET. (a, )
Representative traces from dimeric KirBac1.1, with fluorophore labeling at the T120C and A273C sites. (c, d)
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1.

Both donor and acceptor bleach in single steps.

2. The lifetime of the acceptor fluorophore is longer than 5 s.

3.4.3 Calculate and 1.

Correct the FRET Efficiency

. The donor and acceptor intensity traces exhibit a clearly anti-

correlated pattern.

. There is no large variance (usually <20%) in total fluorescence

intensities (i.e., the sum of the donor and acceptor fluorescence
intensities).

. The donor or acceptor should not have highly frequent or

long-duration blinking events.

FRET efficiency is calculated by the following equation:

FA—ZXFD

E= R
FA—(FDX1>+)/><FD

where F4 and Fj are fluorescence intensities of the same mole-
cule in the acceptor and donor channels; /is the leakage of the
donor fluorescence into the acceptor channel, measured with
the samples labeled with donor fluorophore only, on the same
TIRF microscope with identical optical elements; y is the
gamma factor resulting from the difference in quantum yields
and detection efficiencies between donor and acceptor
fluorescence.

. ¥ can be calculated by the following equation:
FA® — Fy?
Y =7 1 o
Fp* — Fp®

where FA%, FA°, Fp® and Fp® are the fluorescence intensities of
the same molecule in the acceptor (A) and donor channels (D)
before (b) and after (a) acceptor photobleaching (see Note 14).

3.4.4  Analysis of FRET Contour maps and histograms are informative graphical represen-

Signal Distributions tations of the data. Contour maps (Fig. 7c¢, d, left panels) show the
averaged FRET signals over (in this case) the first 3 or 5 s of all
recordings under a given condition and give a visual illustration of
the time stability of the FRET signal, and the major FRET levels
observed. Fitting the distributions (averaged FRET amplitude over
the time segment) with a sum of Gaussian distributions implies
discrete amplitudes, reflecting occupancy of distinct physical states
with specific discrete distances between the fluorophores.

A

Y

Fig. 7 (Continued) FRET contour maps (/eff) and histograms (right) from KirBac1.1 with fluorophore labeling at
the T120C and A273 sites. (e) Cartoon showing the KirBac1.1 crystal structure with T120 (blue) and A273 (red)
labeling sites highlighted as spheres. (f) Cross-correlation analysis of the FRET signals at T120C sites (close to
the selectivity filter) and at the A273C sites (in the cytoplasmic domain)
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3.4.5 Analysis of FRET
Dynamics

1. Mean FRET histograms can be calculated as the average of
FRET histograms from each trace, after pooling all trace data
from the same group (Fig. 7¢c, d).

2. To calculate the FRET contour map, extract the first 3 or 5 s of
FRET data of each trace and calculate a histogram from each
time point, then plot the contour map with X axis as time, ¥
axis as FRET, and Z as relative counts, displayed using a custo-
mized color map (Fig. 7¢, d).

Akin to single-ion channel analyses [1] lifetime distributions in
discrete states can theoretically be assessed from smFRET traces.
However, in practice, multiple FRET states without clearly defined
amplitudes have precluded such an analysis of KirBacl.1. For FRET
traces without discernable discrete states, dynamics can be quanti-
tatively evaluated by performing autocorrelation analysis on FRET.
If the trace data are very noisy, cross-correlation analysis between
donor and acceptor fluorescence intensities can be performed. Such
an analysis can still be used to infer dynamic flexibility between sites
to which the specific fluorophore pair is attached. For instance,
there is significant flexibility at residue A273C, reflected in a signif-
icant cross-correlation between fluorophore signals, but very little
flexibility at residue T120C (Fig. 7¢).

1. The autocorrelation of FRET can be analyzed by the following
equation:

(AFRET, x AFRET,)

Cau o =
wolf) (AFRET?)

b

where AFRET( and AFRET, are the variance of FRET at times
0 and t, respectively.

2. The cross-correlation of donor and acceptor fluorescence
intensities can be analyzed with the following equation:

_ (AF} x AF)

Ccross — A 0 . A 0\
) (AF) x AF})

where AFB, AFX, and AFj are the variances of donor (D)
and acceptor (A) fluorescence intensities at times 0 and z,
respectively.

3. The lag time (#) vs. coefficients from auto- or cross-correlation
analyses can be fitted with exponential functions with 1 or more
components (Fig. 71):

J—, _t
f(Cauto/crossv t) =ayXen—+---+a,Xe m

where o and T are the amplitudes and time constants of each
exponential component.
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4 Notes

1. Conjugation of FRET fluorophore pairs with a target protein

can specifically be made using cysteine thiol-maleimide chem-
istry. KirBacl.1 WT has no intrinsic cysteine residues, and thus
did not require creation of a cys-less background. For other
proteins, creation of a cys-less background is advisable wher-
ever possible. General guidelines for introducing cysteine
mutations into target proteins for fluorophore labeling include:
(a) The distance between the two target cysteines should be
around 4—6 nm, which is close to the Ry (Forster distance) of
the most commonly used FRET pairs, Cy3/Cy5 (~5.5 nm) or
Alexa Fluor 555/647 (~5.1 nm); (b) Cysteine mutations
should be avoided in loops that are likely to be disordered;
(c) Residues with hydrophobic side chains may not be good
candidates to mutate into cysteine, since they are often not
accessible to the reactive fluorophores; (d) Charged residues
may be good candidates for the introduction of cysteine muta-
tions, if they do not interfere with protein function; (e) In
designing tandem constructs, a linker consisting of GlyGlyGly-
Ser repeats is flexible and hydrophilic, and therefore an ideal
first choice to introduce between monomers; (f) A protease
cleavage site can be introduced into the linker if the link inter-
feres with protein function and if removing the link can restore
function.

. If cell resuspensions are going to be stored frozen, then fresh

TCEP, DNasel and protease inhibitor cocktail tablet should be
added immediately before purification. Freezing stored cell
suspensions is generally a better choice than freezing detergent
purified proteins.

. The pH of the labeling reaction mixture should be between 6.5

and 7.5. Low pH will help to protonate the primary amine
group of lysine and arginine side chains and thereby maintain
specificity of the thiol-maleimide reaction.

. (a) Although the detergent CHAPS can be harsh for many

membrane proteins, it usually does not denature membrane
proteins in the presence of lipids. However, if it does denature
the target protein, other relatively mild detergents with high
CMC values, such as OG, Cymal-4, and Hega-10, can be used
to replace it. (b) KirBacl.l is functional in POPE/POPG
liposomes, but other lipids with different head groups and
alkyl chains can also be used for reconstitution to maintain or
modulate protein function, or in studies to understand protein-
lipid interactions.

. Imaging buffer should be prepared immediately before use,

usually as only a small volume, ~1-2 mL. If a pH meter with
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10.

11.

an appropriately small probe is not available, pH strips with a
resolution of 0.5 pH units can be used to adjust the pH to the
designated value. The pH of the imaging buffer will drop
slowly due to the acidic product of the enzymatic oxygen
scavenging system, so a good practice is to adjust the imaging
buffer pH a little higher (0.2-0.4) than the desired value.

. The single-molecule imaging could also be performed with

pManager (https: //www.micro-manager.org/), an open-
source software, or smCamera, or a customized software for
single-molecule FRET imaging developed by the group of
Taekjip Ha, available for download at https://cplc.illinois.
edu/software /.

. A small volume fractional elution can be performed to mini-

mize the elution volume in this step, thereby avoiding concen-
tration before loading onto the size-exclusion chromatography
column.

. TCEP interferes with the cysteine-maleimide reaction, and

therefore is not included in the LRB. Hence, it is necessary to
start fluorophore labeling immediately after SEC and concen-
tration to avoid oxidation of free cysteine residues.

. (a) Maleimide groups of the FRET fluorophores are moisture

sensitive and should be kept dry. A good practice is to aliquot
fluorophores into small quantities, store in vacuumed food
bags with desiccators, and try to avoid repetitive exposure to
air. (b) FRET fluorophores are also photo-sensitive, therefore
all labeling procedures should be conducted in a dark room
with minimal light. (¢) Labeling conditions may be optimized
for a particular protein by adjusting protein:dye ratio, reaction
time, and buffer components. For example, sucrose and glyc-
erol, although widely used in the purification of less stable
membrane proteins, actually interfere with thiol-maleimide
reactions and therefore should be removed in the labeling
reaction buffer.

(a) Some FRET fluorophores, such as Cy3 and Cy5, are quite
hydrophobic and can non-covalently bind to membrane pro-
teins. Nonspecific labeling of protein will severely impact the
quality of the collected smFRET data, hence removal of free
dye is critical. Wash more extensively if it is necessary, at the
metal affinity chromatographic purification step, with 100-200
bed volumes of WB to completely remove these nonspecifically
attached fluorophores. (b) It is very important to include a
control protein without cysteine in every batch of labeling to
evaluate the fraction of fluorophores that do not bind the
protein through a cysteine.

The proteoliposomes will form after passing through the col-
umn. Sometimes, further incubating with 100 mg Bio-Beads
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12.

13.

14.

SM2 (wet weight, prewash with methanol and then RB) at
room temperature for 4—6 h will help to remove remaining
detergent, and also reduce fluorophores nonspecifically
attached to the protein.

(a) To evaluate contaminants from fluorescent impurities (which
should be <~5%), it is necessary to first collect a few short
movies only with T50 and neutravidin. (b) EM gain below
300 will satisty most single-molecule imaging applications.

Due to the enzymatic oxygen scavenging system, the pH of the
imaging bufter will drop gradually, so it is a good practice to
finish collecting movies within 15-20 min. If more time is

needed to collect movies, replace the imaging buffer every
15-20 min.

Only traces in which the acceptor bleaches first can be used to
calculate y. Therefore, a good practice is to pick traces with
acceptor photobleaching first, then compare FRET with or
without correcting y. If y correction does not change FRET
significantly, then all traces can be included to calculate FRET.
Otherwise, an average y can be calculated from traces with
acceptor photobleaching first and then use this to correct all
traces.

The authors would like to thank Dr. Jonathan Silva for his help at
early state in constructing the TIRF microscope for smFRET mea-
surements, and Dr. William Stump for his help in developing the
script converting imaging files. The chapter was written by S.W.,
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Chapter 14

Patch-Clamp Recordings of the KcsA K* Channel
in Unilamellar Blisters

Kimberly Matulef and Francis 1. Valiyaveetil

Abstract

Patch-clamp electrophysiology is the standard technique used for the high-resolution functional measure-
ments on ion channels. While studies using patch clamp are commonly carried out following ion channel
expression in a heterologous system such as Xenopus oocytes or tissue culture cells, these studies can also be
carried out using ion channels reconstituted into lipid vesicles. In this chapter, we describe the methodology
for reconstituting ion channels into liposomes and the procedure for the generation of unilamellar blisters
from these liposomes that are suitable for patch clamp. Here, we focus on the bacterial K* channel KcsA,
although the methodologies described in this chapter should be applicable for the functional analysis of
other ion channels.

Key words GUV recordings, KesA, Lipid vesicles, Blisters, Patch clamp

1 Introduction

Ton channels are ubiquitously present integral membrane proteins
that provide pathways for the movement of ions through biological
membranes [1]. Ton channels play essential roles in a number of
physiological processes such as neuronal signaling, cardiac excit-
ability, insulin release, and fluid secretion. Functional studies on ion
channels are carried out by the electrophysiological techniques of
voltage clamp or patch clamp generally following the heterologous
expression of the ion channels in Xenopus oocytes or HEK cells [2,
3]. Alternately, functional studies on ion channels can be carried
out using reconstituted systems, which consist of the purified ion
channel proteins incorporated into lipid bilayers [4]. Studies using
reconstituted systems are required when the ion channels either do
not express or do not properly fold or traffic to the cell membrane
in heterologous expression systems. This situation is commonly
encountered during heterologous expression of bacterial and
archaeal ion channels. Another complication in using a heterolo-
gous expression system is that the endogenous proteins or lipids

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_14, © Springer Science+Business Media LLC 2018

181



182

Kimberly Matulef and Francis I. Valiyaveetil

present may alter the function of the ion channel in a nonnative
manner. This complication is not encountered in studies on recon-
stituted ion channels as all the components present are biochemi-
cally defined. A challenge with using reconstituted systems is the
requirement for the purified ion channel protein. However, recent
advances in membrane protein biochemistry have made overexpres-
sion and purification of many ion channel proteins very feasible.

Purification of ion channels requires the use of detergents for
extraction from cellular membranes and for stabilizing these pro-
teins during purification. Studies to measure the equilibrium bind-
ing of ions, ligands, or inhibitors can be carried out using the
purified ion channels in detergent, but the electrophysiological
studies to characterize the detailed functional properties require
reconstitution of the purified ion channel into a lipid bilayer [4].
Ion channels have been reconstituted into a variety of lipid vesicles
that range in size from small unilamellar vesicles (SUVs, tens of nm)
[5] to giant unilamellar vesicles (GUVs, 1-100 pm), roughly the
size of biological cells [6]. Functional studies on ion channels
reconstituted into SUVs are carried out using flux assays, which
measure the movement of ions into or out of many vesicles [4].
These flux assays provide the bulk functional properties of the ion
channel population but do not allow for easy determination of the
single-channel properties such as the conductance or the open
probability of the ion channel. These assays also do not allow for
rapid control of membrane potential or for rapid exchange of
solutions surrounding the membrane without highly specialized
stopped-flow equipment. SUVs containing ion channels can also
be fused with planar lipid bilayers and electrophysiological methods
can be used for measurement of ion channel activity [4]. A limita-
tion of the planar lipid bilayer recording setups that are presently
available is that they do not allow for rapid exchange of solutions.
Further, the size of the membranes formed in a planar lipid bilayer
setup makes them more prone to electrical and mechanical noise
that interferes with the ion channel recordings. The membrane size
also results in large capacitances that cause a slowing of the voltage
response and therefore fast channel events (rapid activation, for
example) cannot be investigated.

Ion channels can also be reconstituted into GUVs. GUVs are
advantageous compared to SUVs since their large size allows them
to be visualized by optical or fluorescence microscopy, thus allow-
ing them to be used for patch-clamp electrophysiological record-
ings of ion channels. Ion channels that have been functionally
characterized in GUVs include the proton-gated K* channel KesA
[7-9], the voltage gated K" channel KvAP [10], the mechanosen-
sitive ion channels MscS and MscL [11-13], the bacterial porins
OmpC and OmpF [14, 15], and the eukaryotic ion channel TrpV1
[16]. In addition to studies on ion channels, GUVs have also been
used as model membranes to study characteristics of lipid domains
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[17], membrane-protein interactions [ 18], DNA-membrane inter-
actions [19], and vesicle budding and fission [20, 21].

The techniques commonly used for forming GUVs include
spontaneous swelling and electroformation [22-26]. In the spon-
taneous swelling method, SUVs are dried down, forming a lipid
film that consists of the lipid bilayers organized roughly in stacks
[27]. Rehydration causes the bilayers to swell as the hydrophilic
head groups attract water and results in forming GUVs as water
seeps into the interlamellar space. At physiological ionic strength,
negatively charged lipids are crucial for the electrostatic repulsion
necessary to promote swelling [28]. Neutral lipids may be used in
the presence of high concentrations of divalent cations [29], at low
ionic strength (<1 mM) [28], or with the addition of non-
electrolytic monosaccharides such as glucose, mannose, or fructose
[30], which drive water toward the interlamellar space as a result of
osmotic pressure. Electroformation works similarly to the sponta-
neous swelling method, except that an alternating current (AC)-
electric field is applied during the rehydration step. The alternating
electric field causes the vesicles to become more ordered and also to
vibrate, aiding in their ability to fuse and then detach from the
surface to form GUVs [31]. While electroformation generally
results in a more homogenous GUV population, the drawbacks of
electroformation are that it works best under low ionic concentra-
tions that are not physiological, is hampered by the presence of
charged lipids, and requires specialized equipment [22].

We have adapted a technique similar to the dehydration /rehy-
dration method for the functional characterization of ion channels.
In this method, proteoliposomes containing ion channels are dehy-
drated on a glass cover slip, and then rehydrated in the presence of
magnesium to induce the formation of large unilamellar blisters
[32]. We have found it easier to identify these unilamellar blisters
and to obtain gigaohm seals from these blisters than compared to
the spherical GUVs obtained by electroformation. Further, this
method relies on a regular patch clamp setup that is commonly
available and therefore provides a relatively easy way for functional
studies on reconstituted ion channels. In this chapter, we describe
how this approach is used for the functional characterization of the
bacterial potassium channel KcsA.

2 Materials

2.1 Reconstitution of
the lon Channel into
Liposomes

1. Soybean polar lipid extract in chloroform (Avanti Polar Lipids).

2. Borosilicate glass tubes, 20 x 150 mm with lids (Fisher
Scientific).

3. Rotator.
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2.2 Formation
of Blisters

2.3 Patching
of Blisters

4.

O 0 NN O U

12.
13.
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Reconstitution buffer: 200 mM KCI, 5 mM MOPS-KOH,
pH 7.0 (see Note 1).

. Tris(2-carboxyethyl)phosphine (TCEP).

. High power bath sonicator (Laboratory Supplies, Inc).
. Liquid nitrogen.

. n-Dodecyl-B-p-maltopyranoside (DDM).

. Purified ion channel in detergent.

10.
. Ultracentrifuge and rotor (such as Beckman Optima TLX

Bio-Beads SM2 (Bio-Rad).

Ultracentrifuge with rotor TLA 100.4).
Ultracentrifuge tubes.

Microcentrifuge tube homogenizers.

. Glass cover slips.
. Desiccator at 4 °C.
. Petri dishes (35 x 10 mm).

. Phase contrast, DIC, or fluorescent microscope (we use a

Nikon Eclipse TS100 with a 40x objective and a 10x eye
piece).

. Rehydration buffer: 200 mM KCI, 10 mM MOPS-KOH,

pH 7.0.

. Blister formation buffer: 200 mM KCI, 40 mM MgCl,

0.5 mM CaCl,, 10 mM MOPS-KOH pH 7.0.

. Patch Amplifier (Molecular Devices).
. Analog to digital converter (Molecular Devices).

. Borosilicate glass pipettes (we use Sutter SF150-86-10, OD

1.5 mm, ID 0.86 mm, 10 cm length).

4. Rapid solution changer (BioLogic Science Instruments).

. Pipette solution: 200 mM KCI, 10 mM succinate-KOH,

0.5 mM CaCl, pH 4.0 for typical wild-type KcsA recordings.

. Solutions for rapid solution changer: 200 mM KCI, 10 mM

MOPS-KOH pH 8.0 and 200 mM KCl, 10 mM succinate
pH 3.0 for typical wild-type KcsA recordings.

3 Methods

3.1 Reconstitution of
the lon Channel into
Liposomes

Our protocol is based on the procedure used by Cao et al. for the
reconstitution of the TrpV1 channel [16]. In this protocol, lipid
vesicles are gently solubilized by detergent, purified ion channel
protein is added, and the detergent is slowly removed by Bio-Beads
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Reconstitution Scheme

After rehydration After freeze-thaws After sonication After adding DDM

m
Add Purified Protein J’

NEom

Remove Detergent to
form proteoliposomes

Fig. 1 Reconstitution of the KcsA channel into lipid vesicles. Pictures of lipids at various stages during the
preparation of solubilized lipids for ion channel reconstitution, along with a cartoon illustrating the incorpora-
tion of KcsA channels into the liposomes

for the incorporation of the ion channel proteins into the liposomes
(Fig. 1).

1.

Dry 2.5-10 mg of soybean polar lipid extract (in a chloroform
solution) in a round-bottom glass tube with lid using a gentle
stream of argon. During drying, the tube is gently rotated to geta
thin layer of lipid. After the chloroform has evaporated, dry
under argon for an additional 5 min and then place under vac-
uum in a desiccator for 2—18 h at room temperature (see Note 2).

. Rehydrate lipids at 5 mg/mL in 200 mM KCI, 5 mM MOPS-

KOH, 2 mM TCEP pH 7.0. Rotate gently for 30 min at room
temperature.

. Freeze-thaw the lipids ten times, alternating between liquid

nitrogen and a warm water bath.

. Sonicate lipids in a bath sonicator for 3—-5 min, until the lipid

solution becomes translucent (see Note 3).

. Add n-Dodecyl B-p-maltoside (DDM) to 4 mM and rotate

lipids for 30 min at room temperature.

. Add the purified protein to lipids at the desired protein: lipid

ratio. We have used a 1:20-200 ratio for macroscopic and a
1:10,000 ratio for single-channel KcsA recordings. Bring total
volume to 1 mL with reconstitution buffer. Rotate for 30 min
at room temperature (see Note 4).
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3.2 Formation
of Blisters

3.3 Patching
of Blisters

7.

10.

Remove detergent using Bio-Beads. Add Bio-Beads in four
aliquots (30, 30, 50, and 100 mg respectively), one aliquot per
hour, while continuing to rotate at room temperature. Add
1 mL of reconstitution bufter along with each of the first three
additions of Bio-Beads, thereby diluting the reconstitution solu-
tion to a final volume of 4 mL. Following the additions of Bio-
Beads, rotate the reconstitution mixture overnight at 4 °C. To
ensure complete removal of detergent, add an additional
100 mg of Bio-Beads the following morning and rotate the
mixture at room temperature an additional 1-3 h (se¢ Notes 5
and 6).

. To harvest the liposomes formed, centrifuge the reconstitution

mixture at 100,000 x gfor 1 hat 4 °C.

. Resuspend the liposome pellet at ~50 mg/mL of lipid in

200 mM KCI, 10 mM MOPS-KOH pH 8.0. High concentra-
tions of liposomes are necessary to promote GUV formation
(see Note 7).

Divide liposomes into ~7 pL aliquots and freeze at —80 °C.

. Dry 7 pL of proteoliposomes on a cover slip in a desiccator for

12-36 h at 4 °C (see Note 8).

. Rehydrate liposomes by adding 60 pL rehydration buffer

directly on the top of the dried liposomes. Incubate overnight
at 18 °C or >2 h at room temperature. If rehydrating over-
night, put the cover slip into a container containing a paper
towel soaked in rehydration buffer to prevent the drop from
drying out.

. Using a P2 pipette tip, gently mix the rehydrated liposomes.

The solution should contain many small white chunks.

. Fill 3—4 small petri dishes with 4 mL of the blister formation

bufter. Using a P2 pipette, gently distribute very small amounts
of rehydrated liposomes around the dish. For this step, pipet up
2 pL of the liposome solution and release in 10-20 small drops
around the dish, repeating until the dish contains a total of
15-20 pL of rehydrated liposomes. Mg?* is required for blister
formation.

. After ~1 h in the Mg®*-containing solution, blisters are

observed using a phase-contrast, DIC, or fluorescent micro-
scope (Fig. 2). Locating blisters on the dish typically requires
much patience, but they are found hanging off of the sides of
clumps of lipids and there are typically several blisters per dish.

. Use patch pipettes with 1.5-5 MQ resistance to form gigaohm

seals on blisters. Fill pipettes with 200 mM KCl, 0.5 mM
CaCl,, 10 mM succinate-KOH, pH 4.0 solution for typical
KcsA recordings.
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Fig. 2 A unilamellar blister used for patching. A blister attached to a clump of
collapsed liposomes observed through a phase contrast microscope is shown.
Unilamellar blisters can be recognized from their thin and transparent outline
(see arrow)

2. Apply slight outward pressure once the pipette is in the solu-
tion to prevent the tip of the pipette from getting clogged.

3. As you approach the blister, remove outward pressure just
before the tip of the pipette touches the blister. Once the
pipette is lightly touching the blister, apply inward pressure to
form a gigaohm seal. Typically, seals form quickly and very little
inward pressure is required. Once a seal is obtained, slowly pull
back the pipette to get an inside-out patch (see Note 9).

4. To observe activity of the KcsA channel, place the pipette in
front of rapid solution changer tube flowing the pH 8.0 solu-
tion. Rapidly switch the pipette to the front of low-pH solution
tube to observe activation and inactivation of KcsA. Figure 3a
shows a single KcsA channel at 100 mV with the bath solution
at pH 3.0. Figure 3b shows a macroscopic KcsA recording at
100 mV (see Notes 10 and 11).

4 Notes

1. In electrophysiological recordings using purified proteins, one
must always watch out for contamination by porins. The porins
observed either co-purify with the ion channels or originate
from small amounts of bacterial contamination in the solutions
used. Figure 3¢ shows an example of a recording showing porin
activity. To minimize porin contamination, all the solutions
used for protein purification, reconstitution, and recordings
should be made fresh starting from powder, stored at 4 °C,
and used with one week.
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A
5 pA| : WT KcsA
1s 100 mV pH 3
B
400 pA
2s
WT KcsA 100 mV
T 1:
pH 3 pH 8
C
Porin
10 PAL 80 mV pH 8
1s

Fig. 3 Electrophysiological recordings of ion channels. (a) Single-channel
recording of KcsA at 100 mV with 200 mM KCI, 10 mM succinate pH 3.0 in
the bath and 200 mM KCI, 40 mM MgCl,, 0.5 mM CaCl,, 10 mM succinate-KOH
pH 4.0 in the pipette. (b) Macroscopic recording of KcsA at 100 mV. Channels
were activated by rapid perfusion of the bath solution from 200 mM KCI, 10 mM
MOPS-KOH pH 8.0 to 200 mM KCI, 10 mM succinate pH 3.0. The change in pH
causes the channels to rapidly activate and then inactivate. (c) Representative
porin single-channel activity with 200 mM KCI in the recording solutions. Porins
are a common contaminant that can easily incorporate into blisters

2. When drying down the soybean polar lipid solution, it is
important for good reconstitutions that the lipid layer formed
be as thin as possible. A rotary evaporator can be used for this
step but we have found that steady manual rotation under a
gentle stream of argon works sufficiently.

3. Formation of unilamellar vesicles is required before protein
addition. Vesicle formation is carried out by sonication and
the formation of unilamellar vesicles is indicated by the solu-
tion turning from cloudy to translucent. If the lipid solution
does not look translucent, then additional sonication steps
should be used. Care should be taken during the sonication
steps to prevent heating as an increase in temperature can cause
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spoiling of the lipid vesicles. Sonication is typically done in 30 s
intervals with an intervening 30-60 s rest period. The rest
period between rounds of sonication allows the lipids to cool
to prevent overheating.

The protein to lipid ratio used during reconstitution is depen-
dent upon the specific channel being investigated and the
desired number of channels in the patch. Too much protein
will make blister formation challenging and give leaky patches
while too little protein will result in too many patches with no
channel activity.

. Bio-Beads should be washed three times each with methanol,

water, and reconstitution buffer before use.

. The amount of Bio-Beads to use will depend upon the deter-

gent concentration in the purified protein sample. Since pro-
teins are typically concentrated in a manner where the exact
detergent concentration in the sample is not known, a trial and
error approach has to be used. When detergent present has not
been fully removed by the Bio-Beads, we often observe extra
bubbles in the rotating protein /lipid mixture. In these cases, an
additional aliquot of Bio-Beads is added to remove the excess
detergent. If the detergent is not completely removed, then the
blisters observed do not give the stable gigaohm seals that are
necessary for electrophysiological recordings.

. To resuspend the liposome pellet obtained following ultracen-

trifugation, we initially use a pipette tip to break up the pellet
into smaller chunks. The solution with the chunks is then
transferred into a micro-centrifuge tube and homogenized.
Only gentle force must be used during the homogenization
step as we have found that using too much force during
homogenization can inhibit good blister formation. Gentle
homogenization is followed by brief bath sonication to ensure
the formation of a uniform solution before the liposomes are
aliquoted and frozen.

. Some ion channels require the addition of sucrose or ethylene

glycol to prevent damage during the dehydration step [ 33-35].
The requirement for these additives has to be determined for
the specific protein. We have determined that these additives
are not necessary for maintaining the activity of the wild-type
KcsA channel during dehydration.

Patching the blisters is challenging as they tend to move slightly
in the solution along with the lipid chunks that the blisters
grow from. Positioning the pipette to touch the moving blister
for patching can be done with patience and practice.

When recording KesA currents, rapid perfusion is essential for
obtaining accurate rates of activation and inactivation. It is
important to make sure the solution lines in the rapid perfusion



190

Kimberly Matulef and Francis I. Valiyaveetil

setup are free of air bubbles as air bubbles will cause the patch

to break.
11.

Proteins typically reconstitute into lipid bilayers in both orien-

tations and therefore the patch obtained will contain channels
oriented both ways. For the KcsA channel, we use pH 4 in the
pipette to fully inactivate and thereby silence the channels that
are oriented with their intracellular side facing the pipette. For
other channels, a specific blocker can be added, either to the
pipette or the bath solution, to silence channel in a specific

orientation.
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Chapter 15

Combinatorial Assembly of Lumitoxins

David Nedrud and Daniel Schmidt

Abstract

Ton channels are among the most important proteins in neuroscience and serve as drug targets for many
brain disorders. During development, learning, disease progression, and other processes, the activity levels
of specific ion channels are tuned in a cell-type specific manner. However, it is difficult to assess how cell-
specific changes in ion channel activity alter emergent brain functions. We have developed a protein
architecture for fully genetically encoded light-activated modulation of endogenous ion channel activity.
Fusing a genetically encoded photoswitch and an ion channel-modulating peptide toxin in a computation-
ally designed fashion, this reagent, which we call Lumitoxins, can mediate light-modulation of specific
endogenous ion channel activities in targeted cells. The modular lumitoxin architecture may be useful in a
diversity of neuroscience tools. Here, we delineate how to construct lumitoxin genes from synthesized
components, and provide a general outline for how to test their function in mammalian cell culture.

Key words Peptide toxin, LOV2, Optogenetic, Ion channel, Electrophysiology, Protein engineering

1 Introduction

A central theme in neuroscience is to understand how individual
molecules, ion channels, contribute to brain processes such as
cognition, behavior, and—when misregulated—cause disease
pathology. On a general level, we appreciate that expression and
activity levels of individual ion channel types differ for subsets of
neurons, and that they are a critical part of the neuron’s functional
identity. Ton channels form the molecular basis for a neuron’s
contribution to circuit function and, by extension, network com-
putation. Perhaps not surprisingly then, ion channels represent a
significant fraction of the drug targets in the treatment of brain
disorders. While previous studies of ion channels have defined their
biophysical properties in great detail, their specific roles in different
neuronal cell types, different neural circuits, and different develop-
mental stages are much harder to study.

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_15, © Springer Science+Business Media LLC 2018
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Some methods for precision control of neuronal signaling rely
on microbial opsins, which are light-activated membrane proteins
from nature, that when illuminated can transport charges [1—4]
across the cell membrane to either activate or silence electrically
excitable cells . Despite their broad impact, they are exogenous
channels or pumps and chiefly useful for analyzing neural circuits
at the level of cell types, not individual ion channels.

Other lines of inquiry have yielded chemical modulators that
are anchored to mutated ion channels and then agonize or antago-
nize them in response to light [5-9]. However, the requirement for
custom chemical synthesis, and for mutated channels that anchor
these chemical modulators, has limited application of these tools.
While new methods of precision genome engineering might remove
this limitation in the future, it currently precludes their usage to
study endogenous ion channels in wild-type model systems.

A third track of molecular engineering has attempted to avoid
the need for chemicals to address endogenous channels by expres-
sing fully genetically encoded peptide toxins (which can modulate
the activity of diverse classes of potassium-, sodium-, calcium-, and
other ion channels) tethered to membranes [10-12]. While they
function in mammalian brains in vivo, they are only inducible and
reversible over timescales of hours to days. This lack of temporal
control complicates usage, precluding the kinds of before versus
after comparisons that are expected in the analysis of how ion
channel activity levels govern neural dynamics.

We have previously engineered a novel K* channel modulator
in the form of a synthetic fusion protein that combines a photo-
switch (AsLOV2) and an ion channel-blocking peptide toxin (e.g.,
alpha-dendrotoxin from eastern green mamba) to actuate the activ-
ity of specific endogenous ion channels (Fig. 1) [13]. Channel
specificity is contributed by genetically encoded peptide toxins,
which have evolved to bind ion channels with extremely high
affinity and fidelity [14-18]. Additionally, peptide toxins modulate
ion channel function in useful ways (shift voltage-dependence,
block ionic current, alter propensity toward channel inactivation or
desensitization), and in many cases their mode of action is described
by simple first-order binding kinetics captured in quantitative ana-
lytical and predictive frameworks, such as one we have previously
developed [13].

We demonstrated that lumitoxins change the activities of sev-
eral endogenous K* channels with light in mammalian cells. Lumi-
toxins allow ion channel activity to be modulated on the order of
seconds to minutes, a timescale relevant to many neural processes
(see Note 1) [19-21]. Swapping the encoded peptide toxin, and
leaving the non-toxin parts unchanged, readily alters lumitoxin
specificity. Based on the latter discovery we put forward the idea
that lumitoxins are modular single-chain fusion proteins—a first for
tully genetically encoded optogenetic reagents.
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Fig. 1 The lumitoxin architecture: (a) Architecture of fusion proteins containing a membrane-anchored peptide
neurotoxin linked to photoreceptor AsLOV2/Jx via a flexible linker, optionally equipped with a fluorophore. A
secretion signal ensures targeting to the secretory pathway. The choice of promoter determines the overall
lumitoxin/target channel ratio, and thus lumitoxin efficacy. (b) Upon illumination, the Ja helix reversibly
unfolds, serving as a light-operated protein hinge, modulating the local concentration of the peptide toxin, and
thus influencing the toxin/channel binding equilibrium

We provide here a protocol for lumitoxin assembly, which
consists of these three steps: (1) identify components that will likely
endow a lumitoxin with desired features, (2) synthesize and assem-
ble these components into fusion genes encoding the designed
lumitoxin, (3) test the designed lumitoxin for function in mamma-
lian cell culture using relevant electrophysiological assays.

2 Materials

i

2.1 DNA Synthesis . Custom-made oligos can be ordered from many commercial

vendors (e.g., IDT DNA).

2. Custom-made genes can be ordered from many commercial
vendors (e.g., Genscript) in a number of different formats
(linear dsDNA, plasmid DNA).

2.2 Cloning 1. Restriction endonuclease Bsal (NEB) (10 U/pL), supplied
with 10x CutSmart buffer (500 mM Potassium Acetate,
200 mM Tris-acetate, 100 mM Magnesium Acetate, 1 mg/
mL BSA, pH 7.9 at 25 °C).

2. T4 DNA Ligase (NEB) (400 U/uL), supplied with 10x liga-
tion bufter (500 mM Tris—-HCI, 100 mM MgCl,, 10 mM ATD,
100 mM DTT, pH 7.5 at 25 °C).
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2.3 Colony PCR

2.4 DNA Gel
Electrophoresis

2.5 Plasmid
Purification

2.6 Sequencing

2.7 CGo-expression in
Mammalian Gells

. NanoDrop, or similar device to determine concentration of

DNA.

. Media to culture E. coli, for example Luria-Bertani (LB): Tryp-

tone 10 g/L, NaCl 10 g/L, Yeast Extract 5 g/L.

. Appropriate Antibiotics, for example Carbenicillin (100 pg/mL),

Kanamaycin (50 pg/mL), or Spectinomycin (50 pg/mL).

. Competent Cells can be ordered from many commercial ven-

dors (e.g., NEB) or can be prepared according to standard
protocols.

. OneTaq DNA Polymerase (NEB).

. 2-Log DNA ladder (NEB).
. 1x TAE Running Buffer (40 mM Tris, 20 mM Acetic Acid,

1 mM EDTA).

. 1.5% Agarose gels (prepared with 1x TAE and 1x SYBR Safe

(Invitrogen)).

. Zyppy Plasmid Miniprep Kit (Zymo Research).

. Assembled DNA expression constructs are verified by Sanger

sequencing (e.g., McLAB) with appropriate primers.

. Cell lines: PC12 adherent (ATCC, CRL-1721.1).
. Cell culture media: DMEM (Invitrogen) supplemented with

10% FBS (Invitrogen), 100 U/mL Pen/Strep (Invitrogen),
1 mM Sodium Pyruvate (Invitrogen), sterile filtered.

. Cells are grown on glass coverslip (Carolina, Cat# 633009)

coated with growth-factor depleted Matrigel (BD Bioscience).

. Transfection reagent: Calcium Phosphate.

(a) Solutions used (Make new solutions every month):

¢ 2 M CaCl; solution in ddH,O. (Store at —20 °C). For
50 mL volume add 14.7 g CaCl,.

e 2x HBS—50 mM HEPES-KOH, 280 mM NaCl,
1.5 mM Na,HPO,, pH 7.0 precisely. (Store at
—20 °C). For 50 mL volume add 0.6 g HEPES, 0.8 g
NaCl, 0.02 g Na,HPO4-7H,0. Since the Na,HPO,
concentration is critical, make a 1.5 M stock solution
and dilute it to be accurate.

e DMEM, adjusted to pH 6.8 with Acetic Acid, sterile
filtered.
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Table 1
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Example optogenetics/electrophysiology rig consisting of these
components:

. Research microscope (preferably inverted, e.g., Nikon TiE)

with epi-fluorescent illumination and phase-contrast bright-
field illumination, 20x and 40x ELWD objectives.

2. Imaging chamber (custom made, see Fig. 3).

w

N O\ o

O ©o

. Light source (e.g., Lumencor Spectra, or custom-built from

Thorlabs components, see Fig. 3 for assembly diagram (adapted
from [22]) and Table 1 for parts list.

. Three-Axis micromanipulator (e.g., Sutter MP-285).

. Integrated patch clamp amplifier (e.g., Sutter IPA).

. Ag/AgC(l electrodes (Warner Instrument).

. For micropipette fabrication: Pipette Puller (e.g., Sutter P-97),

Borosilicate Glass (Warner Instrument G150TE-4).

. Handheld Power Meter (e.g., Thorlabs PM100D).

. Solutions for electrophysiology:

(a) Pipette Solution (mM): 125 K-Gluconate, 8 NaCl, 0.1
CaCly, 0.6 MgCl,, 1 EGTA, 10 HEPES, 4 Mg-ATP, 0.4
Na-GTP, adjusted to pH 7.3 with KOH. Osmolarity was
adjusted to 295-300 mOsm /L with sucrose.

Parts list to build a custom multi-LED array (modified from [22])

Number

Figure no. Description Part no. needed

1 Illumination port adapter SM1A26 (Thorlabs, for Nikon TiE) 1

2 Mounted LEDs M455 L3 (Thorlabs, blue) & 1 each

M565 L3 (Thorlabs, green/yellow)

= T-Cube LED driver (1200 mA max) LEDDI1B (Thorlabs) 2

- 15 V power supply for T-cube LED LPS101 (Thorlabs) 2
driver

3 30 mm dichroic mounting cage CMI1-DCH/M (Thorlabs) 1

4 Dichroic filter FF520-Di02-25x36 (Semrock) 1

5 SM1 end cap SM1CP (Thorlabs) 1

6 Aspheric condenser lens ACL2520U-A (Thorlabs) 2

7 SMI coupler, external threads SM1T?2 (Thorlabs) 3

8 SM1 lens tube, 1,/2” long external SM1VO05 (Thorlabs) 2
thread

9 SM1 lens tube, 0.3” SM1L03 (Thorlabs) 2
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(b) Bath Solution (mM): 125 NaCl, 2 KCIl, 3 CaCl,, 1
MgCl,, 10 HEPES, 30 glucose, adjusted to pH 7.3 with
NaOH. Osmolarity should be about 20 mOsm /L higher
than pipette solution.

3 Methods

3.1 Design of Lumitoxins are end-to-end fusions of four components: a peptide

Lumitoxins toxin, linker, membrane anchor, and trafficking signal (see Fig. 1),
assembled from modules via Golden Gate cloning [23]. Before
outlining practical aspects of assembling lumitoxin genes from
these individual components, we should consider the degrees of
freedom we have for such rationally designed synthetic proteins,
and how they influence our design choices.

3.1.1  Peptide Toxins The choice of the peptide toxin determines the channel-specificity

of the resulting lumitoxin. Many publicly accessible databases exist
that conveniently collect and curate sequence information of pep-
tide toxins. These include Conoserver [24] and Arachnoserver [25]
(Queensland Facility for Advanced Bioinformatics, Australia), the
Animal Toxin Database [26] (Hunan Normal University, Chang-
Sha, China), the Bioactive Peptide Database [27] (K.U. Leuven,
Belgium), and for integrated data, including target channels, the
UniProtKB /Swiss-Prot Tox-Prot program [28].

While functional validation is the ultimate arbiter, chemical and
biophysical properties of peptide toxins—if known—can help in
selecting a peptide toxin. The following points should be
considered:

1. Does the peptide toxin have known posttranslational modifica-
tions (e.g., amidation, carboxylation, hydroxylation, bromina-
tion, glycosylation) that make up a larger percentage of the
toxin’s primary sequence? Pathways that catalyze these mod-
ifications in venom glands might be absent in mammalian
expression systems. Additionally, a fusion protein containing
these unmodified peptide toxins might not fold properly, or
may have altered affinity and /or target specificity.

2. What is the primary sequence length and overall predicted
hydrophobicity? While we have not systematically studied the
correlation of these parameters with expression and function,
we have anecdotal evidence that very short peptide toxins (e.g.,
p-conotoxin KIITA, 16 amino acids), or those that are very
hydrophobic (e.g., a-conotoxin PnIB) do not express well at
the cell surface.

3. What are the affinity and kinetics of the peptide toxin binding
to the target channels? Since lumitoxins switch by changing the
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local concentration of a genetically encoded peptide toxin close
to the cell membrane in response to light, their function—
specifically the achievable dynamic range between the lit and
dark state activity of the targeted channel—depends on balanc-
ing toxin affinity with target channel abundance. For example,
if'a high-affinity (nanomolar Kp) peptide toxin is used, and the
expression level of the lumitoxin is very large compared to the
targeted channel, then no light-induced unblocking of that
channel can be achieved. This is due to the high local concen-
tration of the peptide toxin, which when illuminated will not
significantly alter how many channel-binding sites are occu-
pied. In another example, if the peptide toxin off-rate is too
low, then the refractory period of lumitoxins will increase. That
is, how fast after cessation of illumination the system recovers
to the ground (dark) state, from where it can be actuated again
with another pulse of light. If channel affinity is problematic,
mutations can be introduced into many peptide toxins that
adjust affinity to a desired range (e.g., [29-31]). We have
previously described numerical simulations that assume a sim-
ple coupled equilibrium, and can predict efficacy of peptide
toxin with different channel affinity over a large range of chan-
nel /toxin expression ratios [13].

Lumitoxins are synthetic proteins: end-to-end fusion of protein
domains from diverse sources that encapsulate specific functions
(channel binding, light-sensing, membrane anchoring). The roles
of linkers go beyond simply connecting these protein domains. In
lumitoxins, their properties (all-helical vs. disordered, short vs.
long) determine overall efficacy. Since light induces a conforma-
tional change in LOV2 that partially unfolds the bi-stable Ja helix
[32, 33], the linker between LOV2 and the membrane anchor
determines how much of that free energy change is captured as
increased flexibility of the tethered toxin, whose local concentration
close to the cell membrane is in turn decreased, thus unblocking the
target channel (see Fig. 1). Specifically, if the connecting linker is
long and flexible, then the additional flexibility and length provided
by the unfolded Ja helix will not significantly change the tethered
peptide toxin’s degrees of freedom, which results in lower lumi-
toxin efficacy. At the same time, the linker has to be long enough, so
the peptide toxin can “reach” its cognate binding site on the
channel. Similar constraints apply to the linker connecting the
peptide toxin and the LOV2 N-terminus. Here, the linkers need
to be as short as possible to keep the peptide toxin’s tethered
diffusion coupled to the LOV2 conformational state, but long
enough to prevent steric clashes between peptide toxin and
LOV2. Molecular dynamics simulations capture the length and
flexibility-dependent aspect of linker attributes well and can provide
some insight to make rational choices [13]. However, these models
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3.1.3 Membrane Anchor

3.1.4 Trafficking Signals

3.2 Implement the
Cloning of Lumitoxins

3.2.1 Design Lumitoxin
Donor Components

cannot predict the effects of the linker on the conformational
equilibrium of the domains that they are connected to. Some
research suggests that linkers “pre-encode” specific allosteric prop-
agation pathways along which signals are transduced between
domains [34, 35]. In other words, linkers themselves affect the
equilibrium of domains that they are connected to. For this reason,
linkers are thought to be under intense evolutionary optimization
pressure in natural proteins, sometimes more so than the connected
domains themselves [ 36 ]. Intuiting specific linker sequences that are
compatible with a desired function of a synthetic fusion protein
remains a big challenge. In the end, it is advisable to test a number
oflinkers with different chemical and physical properties (linker with
bulky amino acids, glycine-serine linkers, alpha-helical linkers).

By choosing different membrane anchors, lumitoxins can be gen-
erated with different topologies (i.e., N-terminus inside ps. out-
side), and with different trafficking profiles (e.g., to different
plasma membrane compartments). The most commonly used
designs are derived from single-pass transmembrane domains,
such as the platelet-derived growth factor receptor (PDGFR),
MHCI, or CD11b to which expression reporters (e.g., fluorescent
proteins) can be fused to the intracellular side. The choice of
fluorescent reporter ultimately depends on experimental context;
however, those excited in the blue spectrum range (400-500 nm)
should be avoided so as to prevent overlap with the LOV2 action
spectrum [37]. Alternatives for membrane anchoring are motifs
that elicit posttranslational modification with a GPI anchor.

Lastly, trafficking signals including those targeting lumitoxins for
the secretory pathway are an important choice. Note that our
ongoing work suggests that it depends on the peptide toxin context
to answer which specific secretion signal yields optimal expression
at the cell surface. As before for linker choices, it is advisable to try a
few different secretion signals for optimization. One strategy is to
retain the native secretion signal of the pre-pro peptide toxin;
however, we have found them to work poorly in a mammalian
expression context. Surveying existing databases of secretion sig-
nals (e.g., www.signalpeptide.de, more than 19,000 mammalian
and viral sorting signals) is an option for generating a set of secre-
tion signals common to mammalian membrane proteins.

Golden Gate Assembly is used for the efficient and seamless assem-
bly of multiple components as advised in Subheadings 3.1.2-3.1.4.

Once all component choices are made, the corresponding DNA
modules can be obtained by reverse translating the primary amino
acid sequence with the appropriate codon usage using one of
several available services (e.g., EMBOS Backtranseq [38]). The
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resulting nucleotide sequences should be free of internal type IIS
restriction enzymes sites, in particular, those for Bsal. Note that
stop codons need to be skipped for all but the last module (most
often the fluorescent protein reporter). The next step is to add to
the reverse translated nucleotide sequences overhangs of four
nucleotides plus the desired type IIS restriction site that will be
used for the restriction/ligation (Golden Gate) assembly step (see
Fig. 2a). Most commonly Bsal (NEB) is chosen, but other enzymes
(e.g., Bpil or BsmBI) work as well. Refer to Fig. 2 that outlines the
overall logic on how specific overhang pairs direct the modules
assembly into the correct topologies and consider these additional
requirements: Out of 240 possible 4-nucleotide overhangs, avoid
the 16 that are palindromic since they can self-ligate. Avoid over-
hangs that are the same in three out of the four nucleotides (e.g.,
TAGG and CAGQG), since they can ligate spuriously. Finally, ensure
that the same overhang (e.g., CAGG and its reverse complement
CCTQG) is not used twice, since this will result in incorrectly assem-
bled lumitoxin genes, in which some components are deleted.
Typical sequences used in previous lumitoxin designs are provided
in Fig. 2b. The prepared genes then need to be ordered from a
DNA synthesis provider (e.g., Genscript) and subcloned into shut-
tle vectors.

Bsal

A ] camonent i

Bsal

Golden Gate Assembly @

B TT GGAG Secretion AATG|

CG . AGTT|
[ AAGC‘Pmmute"CCTC Signal TTAC‘ Toxin

TCAA|

n 'TACT CCAT
Linker 1 ‘ Ameal LOV2 ‘scm

0 GCTT ATCC| Protein [CGCT
e ‘CGAA‘ EELT ‘TAGG Marker Gcczxj

c Lumitoxin Expression Construct

00 « .-, Mammalian Cell Culture,
: Neuron Culture | ) P /._.:_

O 0 3 i
' _.-"I 7, Zﬁ{f“-—\} ) i
\ / A \\PatchClamp = 7
ey 2 Electrophysiology —~/

Fig. 2 Lumitoxin Assembly Scheme: (a) Individual lumitoxin components are synthesized flanked with two type
IS restriction sites (e.g., Bsal). (b) The variable bases of the 5'- and 3’-overhangs are chosen such that they
are complementary with the respective overhangs of neighboring components, and mediate Golden Gate
Assembly of the lumitoxin gene. (¢) The resulting lumitoxin expression construct is transfected into mamma-
lian cell culture and assessed for function by patch clamp electrophysiology
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Fig. 3 A typical setup for characterizing lumitoxin function. A patch clamp amplifier headstage is mounted to a
3-axis micromanipulator and enables electrophysiological characterization of ion channels expressed in
cultured cells, which are modulated by lumitoxins in response to light. Details on the imaging chamber are
provided in the inset (a). Current and voltage traces are digitized and stored on a computer. A custom multi-
LED light source provides epi-illumination for both AsLOV2 (photoswitch) and the fluorescent protein
expression reporter. The inset (b) provides assembly details with parts numbered in accordance with Table 1

3.2.2 Design Lumitoxin
Destination Vector

A destination vector that will receive the assembled lumitoxin and
supports their expression in the appropriate expression system
needs to be generated. Besides the general requirement for it to
contain only two type IIS restriction sites (e.g., Bsal) that leave
overhangs complementary to those of 5'-end of the first module
(secretion signal), and the 3’-end of the last module (membrane
anchor plus fluorescent reporter), there are other parameters to
consider. What promoter should drive the expression of the lumi-
toxin? We have found lumitoxin efficacy to be strongly correlated
with the relative expression ratio to the targeted channel. There-
fore, in some circumstances, it might be desirable to express lumi-
toxin at lower or higher levels in relation to the target channel level.
Ubc, PGK, SV40, EFla, CMV, CAG have given us graded expres-
sion levels from low to high, respectively. Second, what is the mode
of gene delivery? For transient expression in cell lines (such as
PC12, CHO, or HEK293) many mammalian expression vectors
are suitable (e.g., pSE-CMV-Spec, Oxford Genetics). For delivery
into primary neuron culture at a later stage, it might be desirable to
use a destination vector that supports helper-free packing into the
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Adeno-associated  virus (AAV), for example, pAAV-Golden
(Addgene #51424). Lastly, is the target channel that the lumitoxin
acts on expressed endogenously or is heterologous expression
required? If the latter is the case, a destination plasmid can be
constructed to drive the transcription of the channel gene and the
lumitoxin at stoichiometric ratios by using a viral-skipping (P2A)
sequence [39], or by using bidirectional promoters [40].

After the destination vector and lumitoxin components in entry
vectors are made and sequence verified, assembling the final lumi-
toxin gene is only a matter of setting up a one-pot restriction/
ligation reaction, aka a Golden Gate assembly [23]. Care should be
taken to use equimolar amount for both destination and entry
Vectors.

1. Set up a Golden Gate reaction with 50 ng (~25 fmol) destina-
tion vector, and equimolar amounts of secretion signal, linkers,
peptide toxin, and membrane-anchor modules. Add 1.5 pL of
10x T4 DNA Ligase Bufter (with ATP), 1.5 pL. of 10x Bovine
Serum Albumin (BSA). Add 200 U of T4 DNA Ligase, and
10 U of Bsal. Bring the final volume to 15 pL with ddH,O.

2. Cycle the reaction in a thermocycler for 45 cycles of: 2 min at
37 °C, followed by 5 min at 16 °C (total time required ~7 h).
Then heat-inactivate the reaction by incubating at 80 °C for
10 min. This step is important.

3. As an optional step, the reaction can be treated with 10 U of
DNA Exonucleases (Plasmid Safe, EpiCentre) to remove
digested but unligated DNA for 30 min at 37 °C, followed
by another heat inactivation for 30 min at 70 °C.

1. Transform the entire ligation into chemically competent cells
(see Note 2).

2. Pre-warm plates and SOC media at 37 °C.

. Add the entire restriction/ligation reaction to 50 pL bacteria
thawed on ice.

w

. Incubate on ice for 20 min.

. Heat shock at 42 °C for 45 s.
. Incubate on ice for 2 min.

. Add 250 uL SOC.

. Recover the bacteria at 37 °C for 45-60 min, if you are using
Kanamycin or Spectinomycin. This step can be skipped for
Carbenicillin (see Note 1).

O NN O Ut W

9. Plate 20 pL of the transformation on appropriate LB-Agar plate
and grow overnight at 37 or 30 °C (see Note 2).
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Identify Lumitoxin Clones

3.3 Test Lumitoxin
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Function in
Mammalian Cell
Culture

3.3.1

Transfection

Colony PCR is the easiest way to identify correctly assembled
lumitoxin clones. One primer should bind to a region on the
destination plasmid upstream the inserted modules, the other
should bind in the last module.

1. Using a sterile toothpick or pipet tip, a small amount of bacte-
rial colony is transferred into 95 pL of water.

2. For each colony to be screened, set up the PCR mix: 0.02 pL
each of forward and reverse primer (100 pM), 5 pL. OneTaq
2 x Master Mix (NEB), 2.96 pL ddH,O.

3. To this add 2 pL of the bacterial suspension, and cycle using the
following conditions: 94 °C for 2 min, followed by 30 cycles of

94 °C for 30 s, 52 °C for 60 s, 68 °C for 1 min/kb. Final
extension is 5 min at 68 °C.

4. Load the entire PCR reaction into an agarose gel, and analyze
by gel electrophoresis that the clone produced a product of the
expected size.

5. Bacterial suspensions of clones that are positive are then used to
inoculate LB with the appropriate antibiotic and grown over-
night. DNA is isolated from these cultures and sent for Sanger
sequencing.

After lumitoxin candidates have been assembled, the final step is to
co-express them with their cognate target receptor in mammalian
cell culture to validate their function. We routinely use established
cell lines (e.g., PC12) or cultured primary hippocampal neurons
[41], and below is a versatile transfection protocol applicable to
most culture conditions. We have discussed above the need to
control relative expression levels of channel target and lumitoxin.
In this context, note that with a lipid-based transfection method
(e.g., Lipofectamine), it is harder to control the molar ratio of the
respective expression plasmids that end up in a given cell. We
recommend calcium phosphate transfection, with optimization of
recipe and conditions as described previously [42]. Specific para-
meters to vary for plasmid titration to reduce the multiplicity of
transfection are described elsewhere [43].

1. Prepare a 24-well plate by placing glass cover slips (Carolina,
Cat# 633009) into each well.

2. Coat surfaces with Matrigel (BD, 356230). Dilute Matrigel
stock 50-fold in cold DMEM (Gibco). Store at 4 °C. To coat
glass coverslips in 24-well plates, add 75 pL of diluted Matrigel.
Incubate in a humidified 37 °C incubator for 1 h, and then
remove all liquid by aspiration. Let cover slips dry completely;
the dried matrigel leaves a white, opaque film behind.
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3. Seed the cells at a density of 6 x 10* cells /cm? in media with no
antibiotics and keep in a humidified incubator (with 5% CO,)
for a period of 12—-14 h at 37 °C. The surface area of a well in a
24-well plate is 2 cm?, so seed 120,000-130,000 cells per well.

4. The next day, pre-warm the ddH,O, calcium chloride, and
2x HBS to room temperature prior to the procedure. Note:
The volumes indicated below are for 24-well plates in which
cells have been seeded in 500 pLL media.

5. Add the following together to make the transfection mix:
1.25 pg DNA + 3.125 pL 2 M CaCl, solution + ddH,O to
make a final volume of 25 pL. Add this solution to 25 pL of
2 x HBS, mix promptly, and let it stand for 30 s. For low copy
transfection (down to one copy per cell on average), dilute
plasmid with a dummy plasmid (e.g., pUC19, Agilent Geno-
mics) at a 1:100 mass ratio.

6. Add the transfection mix to the cell media dropwise.
7. Incubate cells for 30 min to 2 h in 5% CO, at 37 °C.

8. Remove cell media, and wash cells with successive rounds of
DMEM adjusted to pH 6.8 until all calcium phosphate precip-
itate is removed.

9. Replace complete cell culture media and incubate for 24—48 h
in a humidified 37 °C incubator (5% CO,).

Lumitoxins are very light sensitive, and before the onset of
expression the plates need to be shielded from light, for example
by wrapping with aluminum foil.

Assaying lumitoxin function combines electrical recording of ion
channel function and simultaneous optical stimulation.

The Axon guide can be a good starting point to building
electrophysiology rigs in particular patch clamping in general
[44]. A general layout for such a system is shown in Fig. 3. Many
existing patch clamp electrophysiology systems already contain an
(inverted) microscope and high-resolution digitizer with 0-5 V
analog outputs, so only minimal modifications are required to
include a means to deliver precisely dosed light. Illumination sys-
tems range from xenon-arc lamps, solid-state laser, and light-
emitting diodes to cover a wide gamut of light spectrum, light
power, and speed of light switching. While pre-configured light-
sources (Spectra, Sutter HPX) are convenient to use as long as they
can be controlled in concert with the patch clamp amplifier, many
can come at a considerable upfront cost and are hard to re-
configure should experimental needs change. We have found that
a customizable LED light source built from standard optomecha-
nical parts (see Fig. 3, and Table for parts list adapted from [22])
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provides a good balance of cost, versatility, and utility. The LED
drivers interface with the digitizer for analog, pulse width, and
frequency modulation of the LED light output.

As noted before, many photosystems used in optogenetic
reagents are sensitive to even low doses of light. LOV2-containing
proteins, for example, are known to be switched by ambient room
light. For this reason, precautions need to be taken to block out
blue/green light. This is easily accomplished by installing a black-
out curtain around the setup and using a film-photography dark-
room safelight (red LED, ~640 nm).

Commercial imaging chambers exist that allow patch pipet
access, but we have found them too cumbersome for frequent
cover slips changes. We have modified a polystyrene petri dish to
hold the external cell solution (e.g., Bath Solution, see Fig. 3). With
the help of vacuum grease, a #1.5 one inch glass coverslip is held in
place below a cutout in the plastic. Cell-containing cover slips are
placed in this furrow and pushed gently into the grease to prevent
movement. In addition to patch pipet access and optical clarity,
cover slips can be changed within a few seconds (under safelight
conditions).

A typical experimental workflow to assess lumitoxin function is
as follows:

1. Obtain whole-cell patch clamp access (monitor access resis-
tance throughout the recording; should be <30 MQ). See
Note 3.

2. Without illumination, characterize target channel gating under
voltage- or current clamp using the appropriate protocol
(“before” illumination).

3. Illuminate the patched cell for a specific amount of time (duty
cycle and frequency), with a specific dose of light (amplitude: a
good starting point is 500 pW,/mm?), of a specific wavelength
(for LOV2: 450 £+ 10 nm) and characterize target channel
gating under voltage- or current clamp using the same protocol
as before (“during” illumination).

4. After holding the system in the dark for 5 minutes, characterize
the target channel gating again (“after” illumination).

Figure 4 shows a representative example of how an a-dendro-
toxin containing lumitoxin targeting voltage-dependent K chan-
nels is unblocking those channels in response to illumination light
in a repeated fashion.
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Fig. 4 Lumitoxin modulation of endogenous channels in cultured primary hippo-
campal neurons. (a) Action potentials elicited in cultured neurons under current
clamp to —20 pA (black), +10 pA (light gray), and +50 pA (medium gray) before
(left panel), during illumination (middle panel), and after cessation of illumination
(right panel). Dashed line, 0 mV. (b) Number of action potentials at rheobase
current injection, relative to the maximum number of action potentials elicited,
before, during, and after illumination. n = 11 neurons. Statistical significance is
reported as follows: *P < 0.05, **P < 0.01, two-tailed Student’s t-test applied
as post hoc test after ANOVA; ns not significant. (¢) Firing frequency under
current clamp before (black), during (gray), and after illumination (white), at
rheobase current injection. n = 15 neurons. (d) Resting potential of cultured
neurons mock transfected (black) and expressing aDTX-lumitoxin (white).
n = 6-15 neurons each bar

4 Notes

1. Temporal resolution of lumitoxins is limited by photokinetics
of the photoreceptor, and binding/unbinding kinetics of pep-
tide toxin moiety. Since both are genetically encoded, these
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parameters are in principle engineerable and provide experi-
mental inroads into improving switching properties of lumi-
toxin variants.

2. When using destination vectors that support a helper-free pro-

duction of AAV, it is advisable to take precautions against
possible recombination that plasmids with inverted terminal
repeats are prone to. This includes propagating them in
recAl-negative strains (e.g., NEB Stable), growing bacterial
cultures at 30 °C, and using Carbenicillin instead of Ampicillin
for antibiotic selection.

3. Avoid patching clumps of cells that share their membranes with

cach other. While they may look, and be healthier (i.c., less
leaky), neighboring cells can be electrically connected through
gap junctions. Thus, patching a cell in a large group can lead to
space clamp errors [45].

(a) Pay attention to good trituration of cells during splitting

and seeding to avoid clumps.

(b) Patch healthy looking individual cells or cells at the edges
of a larger group.

(c) Patch within 3648 h of transfecting. While expression is
detectable after 12 h in most cases, it will improve and
plateau to “steady state” over time.
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Chapter 16

Characterization of MC4R Regulation of the Kir7.1 Channel
Using the TI* Flux Assay

Michael J. Litt, Roger D. Cone, and Masoud Ghamari-Langroudi

Abstract

The family of inward rectifying potassium channels (Kir channels) plays crucial roles in the regulation of
heart rhythms, renal excretion, insulin release, and neuronal activity. Their dysfunction has been attributed
to numerous diseases such as cardiac arrhythmia, kidney failure and electrolyte imbalance, diabetes mellitus,
epilepsy, retinal degeneration, and other neuronal disorders. We have recently demonstrated that the
melanocortin-4 receptor (MC4R), a Gag-coupled GPCR, regulates Kir7.1 activity through a mechanism
independent of Go, and cAMP. In contrast to the many other members of the Kir channel family, less is
known about the biophysical properties, regulation, and physiological functions of Kir7.1. In addition to
using conventional patch clamp techniques, we have employed a high-throughput TI* flux assay to further
investigate the kinetics of MC4R-Kir7.1 signaling in vitro. Here, we discuss the employment of the TI" flux
assay to study MC4R -mediated regulation of Kir7.1 activity and to screen compounds for drug discovery.

Key words Melanocortin 4 receptor (MC4R), Inward rectifying K* channels (Kir7.1), Thallium flux
assay, Intracellular signaling, High-throughput screening

1 Introduction

Inward rectifying K* currents (Kir) were first identified more than a
halfa century ago [1]. Since their discovery, seven subfamilies of Kir
channels have been characterized [2]. Kir channels regulate critical
cellular parameters including resting membrane potential, action
potential duration, and hormone release. Due to their role in
regulating these processes, Kir channels are critical for the proper
function of cardiac myocytes, neurons, pancreatic p-cells, renal
epithelial cells, glia, and epithelial cells. Thus, a better understand-
ing of how Kir channels are regulated holds great potential for
future drug discovery.

Invariably, Kir channels are commonly regulated by the signal-
ing lipid PIP, that enables channel opening through direct binding
[3, 4]. Besides PIP,, factors that gate Kir channel conductance are
unique to each subfamily. For instance, the G protein-coupled
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inward-rectifying channels (GIRK, Kir3.x) are opened by the fy
subunits of heterotrimeric G proteins [5], while Kir6.2 (Kayp) is
sensitive to intracellular ATP levels [6]. Despite extensive under-
standing of some Kir channels, the regulatory mechanisms of other
Kir channels including Kir7.1 remain largely uncharacterized.

Recently, our group used patch clamp electrophysiology to
describe how Kir7.1, a low conductance weakly rectifying Kir sub-
type, is regulated by the Melanocortin 4 Receptor (MC4R)—a G-
coupled GPCR [7]. We observed that MC4R activation decreases
Kir7.1 opening even in the presence of Gy inhibitors. In order to
understand the molecular mechanisms underlying this interaction,
we created a heterologous expression system in HEK293 cells and
adapted a thallium (T1")-based screening platform for the quantifi-
cation of channel opening [8].

The use of TI*—an equally permeant ion for K* channels—and
an intracellular T1*-sensitive dye enables determination of potas-
sium channel opening in a 384-well format [8]. Cells are loaded
with the thallium sensitive dye, exposed to ligands or vehicle for
20 min and given a bolus of thallium T1*. The specific techniques
below have been employed to characterize MC4R-Kir7.1 signaling
and its modulators. However, these techniques can be used to
characterize the nature of any Kir-GPCR interaction.

2 Materials

2.1 Assay Buffers

1. Hanks Buffered Salt Solution (HBSS) with Ca®* and Mg?*
(Thermo Scientific cat #14025076): 140 mg/L CaCl,,
100 mg/L. MgClL-6H,O, 100 mg/L MgS0,4.7H,0,
400 mg/L KCI, 60 mg/L KH,POy, 350 mg/L NaHCO3;,
8 g/L NaCl, 48 mg/L Na,HPO4 (anhydrous), 1 g/L D-
Glucose.

2. 1 M HEPES solution: Dissolve 119.15 g HEPES (free acid) in
400 mL ddH,0O. Add 5 M NaOH dropwise to achieve a pH of
7.0. Add ddH,O until the solution reaches a final volume of
500 mL. Filter sterilize.

3. Assay Buffer: Add 10 mL ofa 1 M HEPES solution to 500 mL
of HBSS w/ Ca’* & Mg**. pH solution to 7.4 with 5 M
NaOH.

4. 6.7% w /v pluronic acid solution in DMSO: Dilute 200 mL of'a
20% Pluronic acid solution (Thermo Scientific cat #23000MP)
with 400 pL anhydrous DMSO to obtain a 6.7% pluronic acid
solution.

5. Thallos Stock: Add 60 pL of a 6.7% w /v pluronic acid solution
into 100 pg of the cell-permeable Thallos-AM (VU053734-1)
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2.3 Robotics

2.4 Ligands
(Peptides)
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dye (TEFlabs cat # 0901sp, actual MW 841). Thallos-AM
stock can be stored in aliquots at —20 °C for 1 month.

. Dye Buffer: Add 6 pL of the Thallos-AM stock to 10 mL Assay

Bufter. This volume is sufficient for one 384-well plate.

. Thallium Sulfate Stock solution: Prepare 100 mM Thallium

sulfate (T1,SO4) solution by dissolving 2.52 g into 50 mL of
ddH,O. CAUTION: Thallium is extremely toxic and should
be handled with care. Always wear gloves when handling thal-
lium buffers and ensure proper waste disposal with local envi-
ronmental health and safety representatives.

. 5x Thallium Working Solution: Add 0.2 mL of 100 mM Thal-

lium Sulfate to 10 mL Assay Buffer for a final working solution
of 2 mM TI". This solution is a 5x concentrated stock that will
be added during the assay.

. Peptide Ligand Buffer: Assay Buffer containing 0.1% w/v

Bovine Serum Albumin (BSA). Filter sterilize.

Small Molecule Ligand Bufter: Assay Buffer containing 0.1%
DMSO.

. Culture Media: 10% FBS supplemented DMEM containing

4.5 g/L Glucose and 50 U/mL Penicillin-Streptomycin.

. T-REx™ selection media (B-Media): Culture Media contain-

ing 0.5 mg/L Blastocidin.

. Kir channel selection media (BH-Media): B-media containing

200 pg/mL Hygromycin.

. Double Selection Media (BGH-Media): BH-Media containing

500 pg/mL Geneticin.

. Plating media: 10% FBS supplemented DMEM containing

4.5 g/L Glucose and 1 pg/mL Tetracycline-HCI.

. Assay plates: Cell Plate: BD BioCoat Poly-p-Lysine 384-well

small volume black microplate.

. FDSS plate reader with integrated liquid-handling head and

kinetic fluorescence detector (Flo3).

. 384-head automated liquid dispensing platform.
. Automatic cell plate washer (Optional—see Note 1).

. All neuropeptides are diluted in Peptide Ligand Buffer at a

2 x final concentration.

. All small molecules are diluted in Small Molecule Ligand Buffer

a 2 x final concentration.

. Compound Plate: Greiner 384-well polypropylene plate, V-

bottom (cat. # 781280).
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3 Methods

3.1 Generation

of Cell Lines
Expressing Different
Kir Subunits and
Melanocortin

Receptors 2.

3.1.1 Generation
of Polyclonal Cell Lines

3.1.2 Generation
of Monoclonal Cell Lines
(See Notes 3 and 4)

3.2 Assay Protocol
3.2.1 Cell Plating

. Tetracycline-Regulated Expression HEK293T cells (T-REx™)

expressing a tetracycline regulatory element are transfected (by
using Lipofectamine 2000) with a plasmid containing the
desired Kir coding sequence (Kir7.1, Kir4.2 etc.) in a
pcDNAS5 /TO plasmid backbone (see Note 2).

Two days following transfection, a polyclonal population of
Kir-expressing cells is selected using BH media.

. After 30 days, stable Kir cells are then transfected with the

desired GPCR (MC4R, MC3R, etc.) or a mock vector in a
pcDNA3 backbone.

. Two days following transfection, cells are selected for GPCR

expression using BGH media.

. Thirty days following this second selection, a Kir-GPCR poly-

clonal cell line is now ready for clonal selection.

. If characterizing the presence of a Kir-GPCR interaction, poly-

clonal cell lines can be used. However, if a known Kir-GPCR
interaction will be examined in a HTS format, selecting mono-
clones using the process below is highly recommended.

. Single-cell clones are selected by diluting polyclonal cell lines to

0.8 cells/20 pL in BGH media and then plating them on a
poly-D-lysine-coated 384-well culture plate.

. Wells are examined for the presence of single-cell colonies over

the next 30 days. Wells that contain more than one clone are
noted and excluded.

. BGH Media is added weekly until cells become confluent.

. Once confluent, monoclone cells are transferred to progres-

sively larger culture vessels to ensure sufficient cell number for
clonal screening.

. HEK293T monoclones stably expressing a Kir channel and a

GPCR can now be screened for using the protocol described in
Subheading 3.2.

. Grow cells in BGH media in a 150 mm cell culture dish until

70-90% confluent.

. Wash cells with DMEM and then disassociate using 5 mL

0.05% trypsin in DMEM.

. Collect cells in a 15 mL conical tube and add 10 mL plating

media.

. Pellet cells in a swinging bucket centrifuge at 250 x g for

5 min.
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3.2.2 Assay Procedure 1.

Aspirate the supernatant and resuspend the cell pelletin 10 mL
plating media containing Tetracycline to induce channel
expression. Tetracycline concentration must be optimized
empirically but we have found that 1 pg/mL is sufficient.

. Count cells on a hemocytometer and dilute to 10° cells/mL

with plating media containing Tetracycline. A final 75-90%
confluency is optimum.

. Pour the cell suspension into a sterile reservoir. Using an

electronic multichannel repeat pipettor, immediately dispense
20 pL into each well of a black-wall, clear-bottom, 384-well

poly-D-lysine-coated assay plate (BD Biosciences, Bedford,
MA).

. Lightly tap the corner of the plate to ensure that the cell

suspension reaches the bottom of each well. Bubbles should
be avoided as they prevent a uniform cell distribution.

. Place the cell plate in a 37 °C 5% CO, incubator for 20-24 h to

ensure cell adherence and protein (receptor and channel)
expression.

If running an assay that requires 24-h incubation with a ligand,
add compounds at this time.

20-24 h following cell plating, check the assay plate to make
sure that the cells are uniformly distributed within each well. If
certain wells appear nonuniform, note them in a lab notebook
so that they can be excluded from the final analysis.

. Prior to beginning the assay, prepare all buffers described in

Subheading 2.1.

. Remove the plating media by flicking the plate. Remove any

residual media by slamming the plate on a set of clean labora-
tory napkins (see Note 1).

. Add 20 pL of Dye Buffer to each well using an electronic

multichannel repeat pipettor (see Note 1).

. Incubate cells in the dark for 30-60 min at room temperature.

This incubation allows for intracellular esterases to cleave the
acetoxymethyl-ester group from the Thallos-AM dye. This
ensures intracellular accumulation of the dye and prevents dye
efflux.

. During this incubation, prepare the compound plate. Com-

pound plates containing a ligand compound and the vehicle
should be made in a checkerboard pattern (Fig. 1 and see Note
5). Prepare the ligands at 2x the final desired concentration.

. Once the incubation is complete, the dye buffer is removed by

again flicking the plate and then slamming on a set of clean
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Fig. 1 Sample plate map: calculation of the A Fzatio Necessitates the use of a checkerboard plate map. Fratio
traces from agonist-treated well traces are subtracted from the vehicle-treated trace directly above (odd
columns) or below (even columns) to obtain AFgaio. We have found that 12-16 compound well/vehicle
subtractions, or two columns, are necessary to detect significant differences in Kir7.1 flux

10.

11.

laboratory napkins. Then, add 20 pL of Assay Buffer to each
well using an electronic multichannel repeat pipettor.

. Using a 384-head automated liquid-handling robot, transfer

20 pL of ligand solution from the compound plate to the
corresponding well in the assay plate. This step can be done
inside the plate reader or on a separate machine depending on
the specific assay design.

. If using a-MSH, incubate the Assay plate for 20 min (Fig. 1

and see Note 6).

During this incubation, prepare a compound plate containing
25 pL of Thallium buffer in every well.

Following the ligand incubation, place the assay plate in a 384-
well kinetic plate reader with liquid-handling capabilities.
Record in the fluorescence mode with an excitation at
470 nm using an argon laser. Emission was filtered using a
530 £+ 30 nm bandpass filter. The protocol is as follows:

(a) 12 min total recording time with sampling at 1-2 Hz.

(b) While recording, add 10 pL of 5x thallium buffer into all
wells using the 384-well liquid-handling module after
2 min of baseline recording.
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Fig. 2 Experimental protocol and sample traces: (a) A cell plate is prepared with 2 x 10* cells/well in a 384-
well plate and incubated for 24 h. Cells are then washed with assay buffer, loaded with dye buffer, and
incubated for 30 min. After another wash with assay buffer, the ligand is added using a 384-well robotic
pipettor to ensure that every well receives agonist at the same time. After 20 min, the plate is now ready to be
read in the FDSS kinetic plate reader. (b) Once placed in the FDSS reader, a 2 min baseline reading (Fo) is
obtained. Using the FDSS automated liquid handler, 10 pL of a 5x Thallium buffer is added to each well of the
assay plate. Fluorescence is read for 10 min following this addition. AFgatio iS then calculated using the
method described in Subheading 3.3

3.3 Dala Analysis 1. Data from individual assay wells are exported as normalized
fluorescence responses ( Fr,i0), obtained by dividing each data
point ( F..) by the average of the fluorescence signal during the
two-minute period of baseline recording (Fy) (Fig. 2a):

Fratio - FraW/F0~

2. Effects of a ligand on Kir channel opening (Fye response) are
quantified and displayed by subtracting the fluorescence
response of a well treated with the ligand (Fatio_Compound)
from that of a well treated with the vehicle directly below or
above (F.,t0_vehicle)- This gives the net effect of a ligand on the
channel opening (Fyer response) and is also referred to as the
“ratio subtracted” measurement (A F,,,) (Fig. 2a, b):

Fth_Rcsponsc = AFratio = FRatio(Compound) - FRatio(Vchiclc)-
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3.4 Results

3. Once the A Fp,o for a ligand has been determined, the maxi-
mum or minimum A Fr,yio (A Frato Max) Of €ach replicate can be
determined and used to statistically compare between groups.

4. Z-Factor, a measure of statistical effect size and variability, is
used to investigate the high-throughput screening viability of
an assay. A Z-factor > 0.5 is considered acceptable for high-
throughput screening. The Z-factor can be calculated using the
following formula:

Z-factor =1 — M.
|ﬂc - /’tV|

U = Average AFgr,i, Compound -Vehicle.

uy = Average A Fr.o Vehicle -Vehicle.
o. = Standard Deviation A Fr.;, Compound—Vehicle.
o, = Standard Deviation A Fg,io Vehicle—Vehicle.

We have employed the thallium flux assay to characterize the
MC4R-Kir7.1 signaling pathway in HEK293 cells stably expressing
MCA4R and Kir7.1-M125R. The use of the Kir7.1M125R mutation
is critical as wild-type Kir7.1 has an extremely low single-channel
conductance (~50 £S) which reduces the assay signal. As reported
previously, a 20 min exposure of the MC4R agonist a-MSH
reduces Kir7.1-mediated thallium flux by up to 20%, indicating
decreases in channel opening (Fig. 3a). Investigating the viability
of the a-MSH response for a high-throughput screening using a
checkerboard plate format (Fig. 1) and the analysis method
described in Subheading 3.3, an assay Z-Factor of 0.19 was
obtained for 100 nM a-MSH (Fig. 3b). Under these given circum-
stances, this assay of MC4R-Kir7.1 signaling classifies as “medium
throughput” assay.

A) o Time (s) B) o .
= = lIl‘ll..“-.:lll.
£ D 0.0q —g—
° - 7] v
B 00Tl g Ll —TTL
g 200 400, 600 ? 800 1000 8 g 14
w 2 (=]

-0.14 Vehicle =
2 . E 0.2
8 Y °
2 0.29 w -0.31
K 100nM a-MSH—
- | Z-Factor=0.19
0.3+ 0.4

Vehicle 100nM a-MSH

Fig. 3 «-MSH reduces Kir7.1-mediated thallium flux: (a) HEK 293 T cells expressing MC4R and Kir7.1 plated in
a 384-well plate are exposed to a 20 min incubation of 100 nM «-MSH in a checkerboard pattern. This agonist
causes a reduction in AFgaii, following the addition of thallium. Gray = average of AFgaii, measurements,
Error bars &= SEM n = 110. (b) Using the AFgatio, @ Z-factor of 0.19 was obtained. This indicates a medium

throughput assay. n = 110
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Fig. 4 AgRP increases Kir7.1 mediated thallium flux: 100 nM AgRP increases thallium flux in HEK293 cells
expressing MC4R and Kir7.1. Gray average of AFgaio measurements, Error bars = SEM. n = 36
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Fig. 5 Plate map strategy for analyzing compounds that modulate MC4R-Kir7.1 signaling: This plate map
format allows the study of pharmocological probes in the thallium flux assay. In this example, Rp-cAMPs, a
potent competitive inhibitor of the activation of CAMP-dependent protein kinases, is dispensed in a checker-
board format on columns 5 and 6 but in every well of columns 7 and 8. Following a 10 pL addition of this
compound to the assay plate, a second 10 pL stimulus of 400 nM (4 x) a-MSH is then added. This plate is
designed in a checkerboard format on columns 3 and 4 for a positive control and columns 7 and 8 to
determine the ability of Rp-cAMPs to block the effect of «-MSH

In addition to studying the effects of a- MSH, we have also used
the thallium flux assay to characterize the effects of the MC4R
inverse agonist AgRP on MC4R-Kir7.1 signaling. Using a checker-
board format as depicted in Fig. 1, 100 nM AgRP was found to
increase thallium flux relative to vehicle control indicating increases
in channel opening (Fig. 4). Together as previously reported, these
results indicate that the thallium assay can be employed to study
molecular pathways involved in MC4R-Kir7.1 signaling.

Given the regulation of Kir7.1 by MC4R ligands, we sought to
devise an experimental protocol to investigate the molecular signal-
ing pathways that mediate this interaction. Previous electrophysiol-
ogy experiments have shown that MC4R regulates Kir7.1 through
a G-protein-independent manner. Using the strategy outlined in
Fig. 5, we first examined a role of cAMP-dependent activation of



220 Michael J. Litt et al.

v . Sk I | é 0.05 - (Gs
g 0.05- =S ns = Gs Dominant Negative
L} L) _—
=) o) -log(c-MSH)
_,q_'! é _.q_',) 0.00 =~ T T T T 1
5 0.00- 0 : 19 8 7 6 5
S © ®
B 8 '
S -0.05- Q = Z
2 0.05 3 -0.05- 0
S 2 NE
S 0101 - = - 0
= £ =
5 One Way ANOVA 010
UE': 0.15 T T T T T = Gs | Gs Dominant Negative
< & & o e g 4 LogEC50 | -8.929 | -8.879
N & S 3 L
G & SR D < -0.15-
< ‘38 \‘8 S RO
& B W
Q & F & K&
[N
S ST
&S &

Fig. 6 MC4R-Kir7.1 signaling is not regulated by Gs. (@) 100 pM Rp-cAMPs does not block the effect of a-MSH
on Kir7.1 conductance. n = 36 AFgaiip measurements/group; Error bars = SEM; One Way ANOVA p < 0.001.
(b) In this experiment, a dominant negative G5 plasmid or a wild-type Gs plasmid is transfected into HEK293
cells expressing MC4R and Kir7.1. Forty-eight hours later, cells are exposed to a dose response curve of o-
MSH. Expression of a dominant negative Gg plasmid in MC4R-Kir7.1 cells does not right shift the «-MSH dose
response curve as indicated by the lack of an effect on the ECsq of a-MSH. n = 12 AFgaiio measurements/
group; error bars 4+ SEM; One Way ANOVA p < 0.001

Protein Kinase A (PKA) in this signaling pathway. After flicking off
the Thallos-AM dye, 10 pL of a 3x Rp-cAMP solution, a potent
competitive inhibitor of the activation of cAMP-dependent protein
kinases, was added to the cell plate. Following a 2 min incubation,
10 pL of a 4x a-MSH buffer was then added to the assay plate.
Using the analysis described in Subheading 3.3, we found that Rp-
cAMP was unable to block MC4R-Kir7.1 signaling (Fig. 6a).
Examining directly a role of Gy, next, we employed a dominant
negative G, construct that has been shown to completely block the
canonical G-AC-cAMP signaling pathway. Co-expression of this
construct in HEK293 cells was not able to affect ECs5q of the a-
MSH concentration response curve when compared to transfection
with a control G, plasmid (Fig. 6b). Together, these results sup-
port our earlier findings [7] that the MC4R-Kir7.1 signaling is
independent of G,-AC-cAMP signaling pathway. Furthermore,
these data suggest that a noncanonical GPCR signaling pathway
may be essential for this interaction.

4 Notes

1. Removing the media and assay buffers in a consistent manner is
critical for this assay. In the past we have used several expensive
plate-washing robots for these purposes. However, the most
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consistent and cost-effective manner is the “flick and slam”
method:

(a) Using your dominant hand, hold the plate with your palm
facing (but not touching) the bottom of the plate.

(b) Next, bend your arm and wrist so that the top of the plate
faces your chest.

(c) Finally, rapidly adduct your arm and wrist in a single-fluid
movement to expel the buffer contained in the plate into a
sink. Wash the media down the drain with 10% bleach.

(d) Finally, invert the plate onto a set of clean laboratory
napkins and repeatedly slam the plate down until all of
the remaining media is removed.

2. Stable cell lines are critical when performing the thallium assay
to characterize GPCR-Kir interactions. Using a tetracycline
regulatory system enables the generation of stable cell lines
with constructs that may prove toxic when constitutively
expressed. Channels that are not toxic when overexpressed
may not require this system. However, if you are unfamiliar
with the channel you are studying, it is pragmatic to choose this
approach.

3. Generation of mono-clones is not necessary when characteriz-
ing the presence or absence of a GPCR-Kir interaction. We
have successfully employed polyclonal cell lines in this regard.
However, when attempting to run this assay in a medium to
high-throughput manner, monoclones are essential. Clone
selection should be determined empirically using the assay-
screening format employed in all future screening.

4. In an attempt to create cell lines more rapidly, our group has
used other ways to rapidly generate monoclones. Our more
recent studies on MC4R-Kir7.1 signaling were performed on a
cell line using the Flp-In/T-REx 293 system (Thermo). This
cell line contains a single FRT site that enables FLP
recombinase-mediated insertion of the pcDNA5/FRT/TO
plasmid. This enables inducible expression of the vector
contained in the ORF of the plasmid. Using this plasmid, we
designed a bicistronic vector with hMC4R and hKir7.1
(M125R) potassium channel using the cleavable peptide linker
p2A. This method required a single round of selection in BH
media because recombination and transcription is only possible
from the FRT locus.

5. Creating a compound plate is critical because it enables
uniform addition to each well. In our experience, a minimum
of 12 compound-treated wells and 12 vehicle-treated wells are
necessary to observe changes in TI* flux caused by melanocor-
tin agonists. This is largely due to a small signal-to-noise ratio
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and intrinsic assay variance. If possible, do not use Row A, B,
O, and D as they are subject to an edge eftect.

6. It may be necessary to optimize the incubation time for differ-
ent ligands. This can be accomplished with a time course as

depicted in Fig. 5.

We thank Dr. Jerod Denton for providing DNA plasmids, com-
pounds, as well as cell lines throughout this project. This work was
funded by T32 GM07347, F30DK108476, and RO1DK070332.
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Chapter 17

Stopped-Flow Fluorometric lon Flux Assay for Ligand-Gated
lon Channel Studies

David J. Posson, Radda Rusinova, Olaf S. Andersen,
and Crina M. Nimigean

Abstract

Quantitative investigations into functional properties of purified ion channel proteins using standard
clectrophysiological methods are challenging, in particular for the determination of average ion channel
behavior following rapid changes in experimental conditions (e.g., ligand concentration). Here, we
describe a method for determining the functional activity of liposome-reconstituted K" channels using a
stopped-flow fluorometric ion flux assay. Channel activity is quantified by measuring the rate of fluorescence
decrease of a liposome-encapsulated fluorophore, specifically quenched by thallium ions entering the
liposomes via open channels. This method is well suited for studying the lipid bilayer dependence of
channel activity, the activation and desensitization kinetics of ligand-dependent K* channels, and channel
modulation by channel agonists, blockers, or other antagonists.

Key words Ion channel function, Stopped-flow assay, Liposomal ion flux assay, ANTS quenching,
Thallium

1 Introduction

Ion channel activity has most commonly been studied in a cellular
context using standardized electrophysiological measurements [1,
2]. However, techniques such as patch clamp electrophysiology are
technically challenging for purified and lipid-reconstituted ion
channel proteins [ 3, 4]. Such purified systems are not only suitable
for structural characterization; they also offer the opportunity to
study intrinsic channel properties and lipid-dependent changes in
channel function, thereby providing for further studies into funda-
mental biophysical mechanisms underlying channel function. Elec-
trophysiology, using proteoliposomes fused into artificial lipid
bilayers (black lipid membranes), is one solution, but is mostly
applicable for systems already characterized in bulk and is difficult
to use for non-equilibrium studies, such as detection of the instan-
taneous channel response to fast ligand application. Here, we

Show-Ling Shyng et al. (eds.), Potassium Channels: Methods and Protocols, Methods in Molecular Biology, vol. 1684,
DOI 10.1007/978-1-4939-7362-0_17, © Springer Science+Business Media LLC 2018
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Fig. 1 General principle underlying the detection of K* channel activity using TI*
flux measurements. (a) K* channels are reconstituted into liposomes with ANTS
fluorophore inside, and rapidly mixed with TI*-containing solutions using a
stopped-flow mixing device. When channels are open, external TI* ions enter
and exchange for K* exiting the liposomes. The increasing internal TI*
concentration creates a time-dependent quenching of the ANTS fluorescence
inside the liposomes. (b) Higher K* channel activity leads to faster ANTS
fluorescence quenching rate than lower K* channel activity (dotted line
compared to solid line)

describe a quantitative method to study ligand-gated ion channel
activity and kinetics using a spectrofluorometric ion flux assay per-
formed with a stopped-flow instrument. In the protocol below, we
describe the channel reconstitution and ion flux assay steps we
routinely use to characterize ligand-dependent channel kinetics.
Similar procedures can be adapted for the study of channel block-
ade, the dependence of lipid composition, the influence of temper-
ature, the channel response to agonists and antagonists, etc.

In this flux assay, open K* channels reconstituted into large
unilamellar vesicles (LUVs) allow the diffusive flux of external
thallium ions (T1") into the liposomes, which then quench an
encapsulated 8-Aminonaphthalene-1,3,6-Trisulfonic acid (ANTS)
fluorophore (Fig. 1a). The flux is rapid because K" channels are
permeable to T1" ions [2] (see Note 1). As T1" enters the liposomes,
a charge-compensating exchange occurs, resulting in K* exiting the
liposomes. If the assay conditions favor high channel activity, the
TI" influx rate will be high and the fluorescence quenching fast. If
conditions favor less channel activity, the TI* flux will be compara-
bly slower, as will the fluorescence quenching rate (Fig. 1b). This
assay format was first used for acetylcholine receptors [5, 6] and
fragmented sarcoplasmic reticulum membrane preparations [7, 8].
A variant, based on TI" selective fluorescent indicators, later was
employed and commercialized for cell-based flux assays [9]. The
method also has been adapted for use in gramicidin channel assays
[10-12], and more recently was employed using updated methods
for biophysical studies on purified, reconstituted K* channels
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[13-15]. Thus, although we here describe the assay as it was used
for K" selective channels, the assay will work equally well for any
cation-selective ion channel that is permeable to TI".

The first step in studying the function of a purified ion channel
is to obtain the channel protein free from a cellular environment. In
principle, the protein could derive from an in vitro translation
system or extraction and purification from native biological speci-
mens, but in practice this is most often accomplished using cultures
of heterologous expression systems. The protocol we describe here
typically requires several hundred micrograms of purified protein, a
quantity achievable for numerous prokaryotic and eukaryotic ion
channels. The protein expression and purification methodologies
are not explicitly given here, as many reviews and books are avail-
able [16-19].

Once pure ion channel protein is available, it needs to be
reconstituted into liposomes for the stopped-flow assay. Numerous
methods for membrane protein reconstitution have been described
[20]; we used SM-2 Bio-Beads to remove the detergent from
mixtures of solubilized, purified protein and synthetic lipids, as
this is an efficient way for making protein-reconstituted liposomes
(proteoliposomes). The liposomes are next extruded through a
100 nm-pore-size membrane in order to obtain the LUVs. Because
the liposomes are formed in the presence of ANTS, the fluorophore
initially is both inside and outside the LUVs at equal concentra-
tions. The liposome preparation is finished by passing the sample
through a gravity-driven desalting column that exchanges the
extra-liposomal solution with ANTS-free buffer, leaving the fluor-
ophore only inside the liposomes. The sample is now ready to be
used in channel activity assays [13].

The assay is performed using a sequential mixing stopped flow
device, in which the channel is activated in the first mixing reaction
and channel activity is assayed in the second reaction. This multi-
step mixing is crucial for the accurate tracking of kinetic processes,
and it allows for varying the time between the application of a
particular assay condition such as ligand application (sample mixing
#1, syringes L 4+ X, Fig. 2a, b) and testing the channel activity by
the application of TI" ions (sample mixing #2, syringe Q, Fig. 2a,
b). To accomplish this, we have used the SX20 instrument from
Applied Photophysics, due to the high-performance specifications
of this instrument, including low mixing dead time (<2 ms) and
short minimum delay (~10 ms) between sample mixing #1 and #2.
To illustrate the method explicitly, consider an experiment in which
a Ca’*-activated K* channel (in this case the MthK channel
[21-24]) has been reconstituted into proteoliposomes. If the lipo-
somes are mixed first with a Ca®* solution (sample mixing #1, at
17.2 mM Ca* final concentration), Ca?* will bind to the channels
and activate them during incubation in the delay loop (Fig. 2a, b).
If this incubation is short (~100 ms), the channels are fully activated
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Fig. 2 Kinetic measurements of channel activity are performed using a sequential-mixing stopped-flow
spectrofluorometer. (a) Cartoon of the sample handling chamber of the SX20 stopped-flow device (Applied
Photophysics). Liposomes in syringe L are mixed with experimental test conditions in syringe X. Following a
user-defined reaction delay time, the L + X mixture is further mixed with the contents of syringe C/Q; C
denotes a non-quenching control experiment and @ denotes a TI*-containing quenching experiment. (b)
Schematic flow diagram for the sequential mixing steps performed inside the stopped-flow apparatus for an
experiment testing the Ca* activation of the MthK K* channel. (c-e) Example data obtained with the MthK Ca?
*-activated K* channel. (c) Raw data from repeated mixing reactions (light gray data) with mean signal (dark
data overlay) using 100 ms delay between mixing 1 and 2. Red: 0 Ca®* in syringe X and 0 TI* in syringe C,
Green: 0 Ca®* in syringe X and 50 mM TI* in syringe Q, Black: 34.4 mM Ca* in syringe X and 50 mM TI* in
syringe Q. (d) Mean ANTS fluorescence quenching time courses from the experiment in b with the mixing
delay time varied between 0.1 and 10 s, illustrating the loss of MthK activity upon sustained exposure to Ca®*.
(e) Mean stretched exponential rates from fitting individual mixing repeats from ¢~d to Eq. 1 and calculating
the rates using Eq. 2. The error bars are standard deviations from the repeated mixing reactions as in ¢.
Experimental replicates on independent samples should also be acquired
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when sample mixing #2 occurs, resulting in a relatively fast flux rate
(black, Fig. 2¢) compared with the slow TINOj leak across lipo-
some membranes (green, Fig. 2¢). If the experiment is repeated
using a longer incubation in the delay loop (up to 10 s), the
fluorescence rate displays a gradual decrease over time, indicating
that the MthK activity is decreasing; the channels desensitize in the
presence of sustained Ca?* (Fig. 2d, e).

To obtain quantitative estimates of flux rates from the raw
fluorescence quench time courses (Fig. 2¢), we need a measure of
the TI" flux into the liposomes immediately following solution
mixing, i.e., just after the instrument mixing dead time of
~1.5 ms. This could be done by determining the slope of the
fluorescence change at time ¢ = 2 ms. However, due to the inevita-
ble noise in the fluorescence signal, such a measurement is not
always practical. Instead, a fit to the initial 100 ms of fluorescence
data is used to describe the time course of fluorescence quenching.
Due to the heterogeneity in liposomal volume and number of
channels incorporated in the membrane, the fluorescence time
course cannot be described by a single-exponential decay (see
Note 2), and we used a stretched exponential function instead
[25] (Eq. 1).

—t/z0 )
F(t) = Fﬁnal + (Finitial - Fﬁnal)e< #/70) . (1)

K(z) is the normalized fluorescence as a function of time £, F. a1
the initial fluorescence, Fg,, the final steady-state fluorescence, 7, a
parameter with units of time, and f a parameter that depends on
the dispersity of the proteoliposome preparation and describes the
deviation from a single-exponential decay. The fluorescence decay
rate, and thus TI" influx rate following sample mixing (Eq. 2), is
evaluated at 2 ms (se¢ Note 3):

k(2ms) = (B/70)(2ms /7). (2)

The stretched exponential function was extensively tested and
validated for this purpose during the development of the stopped-
flow method for gramicidin activity assays [10] and has worked
equally well in the analysis of TI* flux through K* channels [13-15].
Given the large number of experiments typically performed, includ-
ing repeated mixing reactions for a specific sample and experimental
condition, multiple experimental conditions of interest, and ulti-
mately, multiple sample preparations to confirm experimental
reproducibility, it is convenient to develop a semi-automated anal-
ysis procedure using a software package such as Matlab® (Math-
works). However, analysis can similarly be implemented using any
robust numerical data fitting routine.
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2 Materials

2.1 Preparations
for K* Channel
Reconstitution

2.2 K* Channel
Reconstitution

2.3 TI" Flux Assay

Care should be taken when handling and disposing thallium
reagents as they are toxic.

1.

QN U1 W

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), in chlo-
roform (Avanti Polar Lipids).

. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)

(POPG), in chloroform (Avanti).

. N, gas tank, installed next to a fume hood.

. 50 mL round-bottom flasks.

. SM-2 BioBeads (Bio-Rad).

. Reconstitution buffer (Buffer R) (see Note 4): 100 mM KNOg3,

10 mM HEPES pH 7.0.

. Assay buftfer (Buffer A): 140 mM KNOj;, 10 mM HEPES

pH 7.0.

2. CHAPS detergent.

. ANTS (8-Aminonaphthalene-1,3,6-Trisulfonic acid, disodium

salt, ThermoFisher), prepare a pH-adjusted 75 mM stock solu-
tion in reconstitution buffer (Buffer R).

4. 15 mL glass test tubes.

. Mini-extruder with 100 nm polycarbonate membranes

(Avanti).

. PD-10 columns (GE Healthcare).

. §X20 stopped-flow fluorescence spectrometer (Applied Photo-

physics) or similar with sequential push capability.

. Reaction buffer (Buffer X): Buffer A + 2X-concentrated

ligands/blockers. For example, if the channel requires 100 pM
Ca®* to fully activate, use Buffer A + 200 pM Ca®* to mix 1:1
with liposomes and fully activate the channel (se¢ Note 5).

. Control buffer (Buffer C): Buffer A + 1X-concentrated

ligands/blockers. For example, if the channel requires
100 pM Ca®* to fully activate, use Buffer A + 100 pM Ca®*
to mix 1:1 with the previous solution mixture of liposomes
with Buffer X (see Note 5).

. Quenching buffer (Buffer Q): 94 mM KNO3, 50 mM TINOg3,

10 mM HEPES pH 7.0 + 1X-concentrated ligands/blockers.
For example, if the channel requires 100 pM Ca** to fully
activate, use 100 pM Ca?*, as in Buffer C (sec Note 5).
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3 Methods

3.1 Preparations
for K* Channel
Reconstitution into
Liposomes

3.2 K* Channel
Reconstitution into
Liposomes

All the steps are performed at room temperature. Glassware should
be thoroughly cleaned, rinsed, and dried. Make two independent
samples with the procedure below. The first sample contains the
protein to be studied and the second sample is a protein-free
control.

1.

The day before ion channel reconstitution, mix 11.25 mg of
DOPC and 3.75 mg of POPG (15 mg total of 3:1 ratio of
DOPC and POPG from chloroform stock solutions) in a
50 mL round-bottom flask for a single batch of liposomes,
either made with or without protein (see Note 6).

. Evaporate chloroform using a stream of N, gas inside a fume

hood, rotating the flask by hand so that a thin, opaque film of
lipid covers the bottom and sides of the flask.

. Store the lipid film-containing flask in a vacuum desiccator

overnight to eliminate trace chloroform.

. Degas 5 g of SM-2 BioBeads by combining with 5 mL of

reconstitution buffer (Buffer R) in a small vacuum flask and
apply vacuum for 2 h (se¢ Note 7).

. Sonicate the 50% BioBeads slurry for a couple of minutes in a

bath sonicator to ensure the removal of trapped air. Most of the
BioBeads should not float (see Note 7).

. Remove the 5 mL of Buffer R from the BioBeads slurry care-

fully by pipetting and replace with a fresh 5 mL of Buffer R.
Perform additional washes if the slurry bufter does not appear
clear. Store the BioBeads at 4 °C for up to a few weeks.

. Perform the expression and purification steps required to

obtain a high-quality ion channel protein sample for the fol-
lowing day’s liposome reconstitution.

. Finalize preparation of K" channel sample. This could be an

overnight-dialysis or gel purification step using reconstitution
buftfer (buffer R) or another compatible bufter (se¢ Note 8).

. Rehydrate lipid film in a round-bottom flask by the addition of

1 mL Buffer R and 0.5 mL ANTS fluorophore stock solution.

. Using a bath sonicator (se¢ Note 9), sonicate the lipids into

solution by the incremental addition of CHAPS detergent to a
final concentration of 35 mM (32 mg CHAPS).

. Transfer lipid-detergent mixture to a glass test tube (~15 mL)

with screw cap.
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3.3 Transfer ANTS- 1.

Filled Liposomes to
ANTS-Free Buffer

3.4 Stopped-Flow TI* 1.

Flux Assay

. Add purified K* channel to the lipid solution at a ratio of

20-30 pg protein per mg of lipid (see Note 10), mix and
incubate for 30 min.

. Add an additional 0.5 mL ANTS fluorophore stock solution

and 2 mL 50% Bio-Beads slurry. The liposome batch is formed
in ~3 mL final volume of Buffer R (se¢ Note 11).

. Incubate for 2 h on a tube rocker. The solution will become

turbid as detergent adsorbs to the Bio-Beads and liposomes are
formed.

. Sonicate the newly formed liposomes for 20 s in a bath

sonicator.

. Remove the Bio-Beads from the sample and convert the lipo-

somes into large unilamellar vesicles (LUVs) by passing the
sample through a 100 nm-pore-size polycarbonate membrane
42 times using an Avanti mini-extruder.

Equilibrate two PD-10 desalting columns, each with 25 mL
assay buffer (Buffer A) for a single 3 mL batch of liposomes.
Allow the buffer to completely enter the column.

. Add 2 mL of buffer A to the 3 mL liposomes sample and mix,

bringing the sample volume up to 5 mL total.

. Load 2.5 mL of sample onto each equilibrated PD-10 column.

Allow the sample to completely enter the column.

. Elute the liposomes by pipetting 3 mL buffer A onto each PD-

10 column and combine the 3 mL eluates in a standard plastic
conical tube. The liposomes solution should now be a turbid,
colorless solution and the yellow ANTS should be visibly
trapped inside the PD-10 columns. The 6 mL liposomal eluate
has ANTS fluorophore inside but not outside the liposomes.

. The concentrated, bufter-exchanged liposomes can be stored

at 12 °C for several days without loss of intra-vesicular ANTS
(see Note 12).

Dilute the liposomes from a single preparation to 30 mL in
assay buffer—bufter A (see Note 6).

. Prepare the SX20 (or similar) stopped flow spectrofluorometer

by turning on the system, any temperature control systems,
light sources, and setting the excitation wavelength for the
ANTS fluorophore (~350 nm) (se¢ Note 13). Ensure that
you are using a detection system/emission filter that can record
ANTS fluorescence (~520 nm peak). Wash the fluid handling
system thoroughly with water. Set the software to record 1 s of
data using 5000 recorded points and set the delay time
between sequential sample mixing events to a desired value
(Fig. 2a). Liposomes in syringe L are first mixed in a 1:1
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volume ratio with the reaction buffer (Buffer X) in syringe X
and incubated in the delay loop for the specified delay time. At
the end of the delay, the L 4+ X mixture is further mixed with
the Control/Quench buffer contained in syringe C/Q, again
using a 1:1 volume ratio by concurrent loading of the optical
cell with the contents of the delay loop (by the flushing action
of syringe F) and those of syringe C/Q. Upon mixing L + X
with C/Q the fluorescence time course data is recorded.

. Begin by loading the fluorescent liposomes into syringe L and
Assay buffer (Buffer A) into syringes X, C, and F. Ensure that
the solutions are equilibrated to the experimental temperature
(including room temperature). Wash in the experimental solu-
tions to clear the system of water and filling the detection cell
with the final experimental dilution of ANTS-containing lipo-
somes (for the SX20 this requires about four repeated injec-
tions). Set the detector gain so that this maximum unquenched
fluorescence signal is of appropriate magnitude for data acqui-
sition instrument.

. Wash the fluid-handling system with water until the fluores-
cence reading has returned to the water-only baseline value to
prepare for the actual experiment. For the SX20, this takes ten
to twelve drives/injections from all four syringes to fully wash
the system with water.

. The experiment consists of 8 repeated control dual-mixing
reactions (T1"-free, Buffer C) and 11 repeated quench mea-
surements (T1" measurements, Buffer Q). Load sufficient pro-
teoliposomes into drive syringe L for 19 measurements;
sufficient Reaction buffer (Buffer X) in drive syringe X for 19
measurements; sufficient Flush buffer (Assay Buffer A) in drive
syringe F for 19 measurements; sufficient Control buffer
(Buffer C) for 8 control fluorescence measurements and, once
the control traces have been acquired, sufficient Quench buffer
(Buffer Q) for 11 fluorescence quench measurements into
drive syringe Q.

. Acquire the control fluorescence signals using the SX20 control
software to collect eight repeated mixing reactions with the
desired delay time. For the SX20 spectrofluorometer, the first
four to five mixing reactions are necessary to completely wash
out the water (or other solutions) in the lines and measuring
cell, and should not be used for analysis. The remaining traces
are used for the analysis and determination of the control
fluorescence.

. Switch the content of drive syringe C/Q to Buffer Q, and
acquire the fluorescence quench measurements by using the
software to collect 11 repeated mixing reactions. Again, discard
the first four to five mixing reactions, which are necessary to
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wash out the control solutions. Following these, assuming that
the K channels are active, you should see a time-dependent
quenching of the ANTS fluorescence as TI* flows into the
proteoliposomes through the active channels (exchanging
with K* inside the liposomes), as in Fig. 1a.

. Repeat steps 4-7 for all experimental conditions of interest.

For example, perform titrations of activating ligands and/or
channel blockers in Buffers C/Q and X. Alternatively, use a
specific set of conditions and vary the delay time between
consecutive series of mixing reactions to determine how the
channel activity changes as a function of incubation time (see
Fig. 2) with the Reaction buffer (Buffer X).

. Examine the data and discard any traces with obvious mixing

artifacts. Normalize the fluorescence quench data to the con-
trol fluorescence, and fit a stretched exponential function
(Eq. 1) to the first 100 ms of the fluorescence quench trace
for each experimental repeat. Use these fitted values of 7o and f
to calculate the relative fluorescence quench (T1" influx) rates at
2 ms (Eq. 2), and use the flux rates from all experimental
conditions to analyze ligand dose-response curves and/or
ligand kinetics.

4 Notes

. TI" can also be used for non-selective cation channels. The

same fundamental assay principle can also be applied to anion
channels, typically using a fluorophore such as N-(ethoxycar-
bonylmethyl)-6-methoxyquinolinium (MQAE), which can be
quenched by chloride ions [26].

. More precisely, if the liposomes were of uniform size, with the

same number of channels per liposome, and the channels were
in a perfect steady-state condition (conditions that never occur
in practice), the internal [TI"] concentration would increase
according to a single exponential and the fluorescence would
follow a simple Stern-Volmer fluorescence ratio according to
that [ TI* J;,. time course [10].

. The rate of the stretched exponential function cannot be extra-

polated back to 0 ms, as the rate (according to Eq. 1) goes to
infinity as time goes to zero. This non-physical property of the
stretched exponential can be side-stepped by using a “modified
stretched exponential” function that derives from a simple
transformation along the time axis [25]. Generally, this
approach has not been necessary in the analysis of these experi-
ments, but has been used to compare “modified” stretched
exponential rates at 0 ms in specific cases [15, 27].
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All the assay solutions employ NOz™ anion because the chlo-
ride salt of thallium has limited water solubility.

. We prepare our liposomes using pH 7.0 butffer. If, however, a

flux experiment is done at another pH, it is necessary for the
reaction buffer (Buffer X) to be a “pH-changing” solution and
the pH of Buffer X must be set so that a 1:1 volume-ratio
mixture with pH 7.0 generates the desired experimental pH.
Upon the second mixing with either the control buffer (Buffer
C) or the quenching buffer (Buffer Q), the pH should be
maintained at the desired pH and thus Buffer C and Buffer Q
are “pH-maintaining” buffers and are pH-adjusted to the
experimental pH value. This procedure can be scaled up or
scaled down as needed. Care should be taken to maintain the
specified ratio of components and volumes used with PD-10
desalting columns. The final concentration of liposomes is
diluted tenfold from the initial liposome formation step. As
written, 15 mg of lipid produce a 3 mL liposome suspension,
which is diluted to 30 mL for the assays.

This procedure can be scaled up or scaled down as needed.
Care should be taken to maintain the specified ratio of compo-
nents and volumes used with PD-10 desalting columns. The
final concentration of liposomes is diluted tenfold from the
initial liposome formation step. As written, 15 mg of lipid
produce a 3 mL liposome suspension, which is diluted to
30 mL for the assays.

Initially washing the Bio-Beads with methanol followed by
multiple washes with water before buffer can also be used.

We have always used gel filtration as the last step, performed
immediately before the reconstitution procedure. If the puri-
fied protein can be concentrated to a fairly high concentration,
and the buffer thus significantly diluted during reconstitution,
a buffer containing chloride salts or other components may be
used. If there is difficulty obtaining high-concentration pro-
tein, an effort should be made to ensure that the buffer is
compatible with the experiment (ideally, identical to the assay
buffer) and volumes and concentrations of the lipid compo-
nents can be adjusted accordingly.

. Do not allow the lipid-detergent solution get too hot. Both

time and sonication will produce a clear solution, but this may
take up to 60 min.

The protein amount to be added is dependent on the identity
of the protein and sample quality. Do not forget to make an
identical protein-free control sample.

Dry BioBeads may also be added at the ratio of 1 g BioBeads to
35 mg CHAPS. In this case addition of 0.5 mL ANTS to
correct for the extra volume when adding BioBeads in 0.5%
suspension is not necessary.
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12. The liposomes are cooled (12 °C), but remain above the liquid-
gel phase transition temperature to keep the ANTS from leak-
ing out. The 12 °C incubator is most conveniently placed close
to the stopped-flow device so that liposome samples can be
taken out and warmed to room temperature immediately prior

to use in the assay.

13. A 360 nm LED light source (Applied Photophysics) may also
be used, which provides higher signal intensity and greater

stability.
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