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1T1* 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-(ethoxycarbonylmethyl)-6-methoxyquinolinium (MQAE), which can be quenched by chloride
ions [26].
2More 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 which 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 ]int time course
[10].
3The rate of the stretched exponential function cannot be extrapolated back to 0 ms, as the rate (according to Equation 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 experiments, but has been used to compare “modified” stretched exponential rates at 0 ms in
specific cases [27,15].
4all assay solutions employ NO3™ anion because the chloride salt of thallium has limited water solubility.

S\we prepare our liposomes using pH 7.0 buffer. 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 10-
fold 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.

6This 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 10-fold 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.

7Initially washing the Bio-Beads with methanol followed by multiple washes with water before buffer can also be used.

8\We have always used gel filtration as the last step, performed immediately before the reconstitution procedure. If the purified 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 protein, 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 components can be adjusted accordingly.

9Do 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 minutes.

10The protein amount to be added is dependent on the identity of the protein and sample quality. Don’t forget to make an identical
protein-free control sample.

11Dry BioBeads may also be added at the ration 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.

12The liposomes are cooled (12 °C), but remain above the liquid-gel phase transition temperature to keep the ANTS from leaking 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.

13A 360 nm LED light source (Applied Photophysics) may also be used, which provides higher signal intensity and greater stability.
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Abstract

Quantitative investigations into functional properties of purified ion channel proteins using
standard electrophysiological methods is 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.
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1 Introduction

lon 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
fundamental biophysical mechanisms underlying channel function. Electrophysiology, using
proteoliposomes fusing 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 detection of the instantaneous channel response to fast ligand
application. Here we describe a quantitative method to study ligand-gated ion channel
activity and Kkinetics using a spectrofluorometric ion flux assay performed 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 blockade, the dependence of lipid
composition, the influence of temperature, the channel response to agonists and antagonists,
etc.

In this flux assay, open K* channels reconstituted into large unilamellar vesicles (LUVSs)
allow the diffusive flux of external thallium ions (TI*) into the liposomes, which then
quench an encapsulated 8-Aminonaphthalene-1,3,6-Trisulfonic acid (ANTS) fluorophore
(Figure 1a). The flux is rapid because K* channels are permeable to TI* ions [2] (see Note
1). As TI* 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,
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the TI* flux will be comparably slower, as will the fluorescence quenching rate (Figure 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 [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 specimens, 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 available [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. Since the liposomes are formed
in the presence of ANTS, the fluorophore initially is both inside and outside the LUVs at
equal concentrations. 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 fluorophore 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 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 + X, Figure 2a—b) and testing the channel activity
by application of TI* ions (sample mixing #2, syringe Q, Figure 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 liposomes are
mixed first with a CaZ* solution (sample mixing #1, at 17.2 mM Ca?* final concentration),
Ca2* will bind to the channels and activate them during incubation in the delay loop (Figure
2a-b). If this incubation is short (~100 ms), the channels are fully activated when sample
mixing #2 occurs, resulting in a relatively fast flux rate (black, Figure 2¢) compared with the
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slow TINO3 leak across liposome membranes (green, Figure 2c¢). 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 Ca2* (Figure 2d—e).

To obtain quantitative estimates of flux rates from the raw fluorescence quench time courses
(Figure 2c) 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 inevitable noise in the fluorescence signal, such a measurement is not always practical.
Instead, a fit to the initial 200 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] (Equation 1).

(=t

174)
0 -
FO = F fna + Eipiriar = F fina)® (Equation 1)

A is the normalized fluorescence as a function of time ¢ AQ0) the initial fluorescence,
H0) the final steady-state fluorescence, t,a parameter with units of time, and  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 (Equation 2), is evaluated at 2 ms (see Note 3):

k(2ms) = (Blzy)(2msiz)? =V (Equation 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, including repeated mixing reactions for a
specific sample and experimental condition, multiple experimental conditions of interest,
and ultimately, multiple sample preparations to confirm experimental reproducibility, it is
convenient to develop a semi-automated analysis procedure using a software package such
as Matlab® (Mathworks). However, analysis can similarly be implemented using any robust
numerical data fitting routine.

2 Materials

Care should be taken when handling and disposing thallium reagents as they are toxic.

Methods Mol Biol. Author manuscript; available in PMC 2018 May 27.
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2.1 Preparations for K* channel reconstitution

1.

o o &~ w

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), in chloroform (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 KNO3, 10 mM HEPES
pH 7.0

2.2 K* channel reconstitution

1.
2.
3.

2.3 TI* flux assay

1.

Assay buffer (Buffer A): 140 mM KNO3, 10 mM HEPES pH 7.0
CHAPS detergent

ANTS (8-Aminonaphthalene-1,3,6-Trisulfonic acid, disodium salt,
ThermoFisher), prepare a pH-adjusted 75 mM stock solution in reconstitution
buffer (Buffer R)

15 mL glass test tubes
Mini-extruder with 100 nm polycarbonate membranes (Avanti)

PD-10 columns (GE Healthcare)

SX20 stopped-flow fluorescence spectrometer (Applied Photophysics) or similar
with sequential push capability

Reaction buffer (Buffer X): Buffer A + 2x-concentrated ligands/blockers. For
example, if the channel requires 100 pM Ca2* to fully activate, use Buffer A

+ 200 uM Ca?* to mix 1:1 with liposomes and fully activate the channel (see
Note 5).

Control buffer (Buffer C): Buffer A + 1x-concentrated ligands/blockers. For
example, if the channel requires 100 pM Ca2* to fully activate, use Buffer A

+ 100 uM Ca?* to mix 1:1 with the previous solution mixture of liposomes with
Buffer X (see Note 5).

Quenching buffer (Buffer Q): 94 mM KNOg3, 50 mM TINO3, 10 mM HEPES pH
7.0 + 1x-concentrated ligands/blockers. For example, if the channel requires 100
UM Ca2* to fully activate, use 100 uM Ca?*, as in Buffer C (see Note 5).

Methods Mol Biol. Author manuscript; available in PMC 2018 May 27.
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All 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.

3.1 Preparations for K* channel reconstitution into liposomes

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 two hours (see 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 carefully by pipetting
and replace with a fresh 5 mL of Buffer R. Perform additional washes if the
slurry buffer 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 following day’s liposome reconstitution.

3.2 K* channel reconstitution into liposomes

1.

Finalize preparation of K* channel sample. This could be an overnight-dialysis
or gel purification step using reconstitution buffer (buffer R) or another
compatible buffer (see Note 8).

Rehydrate lipid film in round-bottom flask by the addition of 1 mL Buffer R and
0.5 mL ANTS fluorophore stock solution.

Using a bath sonicator (see Note 9), sonicate the lipids into solution by the
incremental addition 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.

Add purified K* channel to the lipid solution at a ratio of 20-30 g protein per
mg of lipid (see Note 10), mix and incubate for 30 minutes.

Methods Mol Biol. Author manuscript; available in PMC 2018 May 27.
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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
(see Note 11).

Incubate for 2 hours 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 seconds in a bath sonicator.

Remove the Bio-Beads from the sample and convert the liposomes into large
unilamellar vesicles (LUVs) by passing the sample through a 100 nm-pore-size
polycarbonate membrane 42 times using an Avanti mini-extruder.

3.3 Transfer ANTS-filled liposomes to ANTS-free buffer

1.

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, buffer-exchanged liposomes can be stored at 12 °C for several
days without loss of intra-vesicular ANTS (see Note 12).

3.4 Stopped-flow TI* flux assay

1.

Dilute the liposomes from a single preparation to 30 mL in assay buffer — buffer
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) (see 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 sec of data using 5000 recorded points and set the delay
time between sequential sample mixing events to a desired value (Figure 1A,
liposomes in syringe L are first mixed in a 1:1 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 time, the mixture L + X 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

Methods Mol Biol. Author manuscript; available in PMC 2018 May 27.
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(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 solutions to clear the system of water and filling the detection cell
with the final experimental dilution of ANTS-containing liposomes (for the
SX20 this requires about four repeated injections). Set the detector gain so that
this maximum unquenched fluorescence signal is of appropriate magnitude for
data acquisition instrument.

Wash the fluid handling system with water until the fluorescence 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 (TI*-free,
Buffer C) and 11 repeated quenching measurements (TI* measurements, Buffer
Q). Load sufficient proteoliposomes 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 Quenching buffer (Buffer
Q) for 11 fluorescence quench measurements into drive syringe Q.

Acquire the control fluorescence signals using the SX20 control software to
collect 8 repeated mixing reactions with the desired delay time. For the SX20
spectrofluorometer, the first 4-5 mixing reactions are necessary to completely
wash out the water (or other solution) in the lines and measuring cell, and should
not be used for analysis. The remaining traces are used for 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 4-5 mixing reactions, which are
necessary to 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 Figure 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 Figure 2) with the Reaction
buffer (Buffer X).

Methods Mol Biol. Author manuscript; available in PMC 2018 May 27.
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9. Examine the data and discard any traces with obvious mixing artifacts.
Normalize the fluorescence quench data to the control fluorescence, and fit a
stretched exponential function (Equation 1) to the first 100 ms of the
fluorescence quench trace for each experimental repeat. Use these fitted values of
7o and B to calculate the relative fluorescence quench (TI* influx) rates at 2 ms
(Equation 2), and use the flux rates from all experimental conditions to analyze
ligand dose-response curves and/or ligand kinetics.
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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* 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).
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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 hon-quenching control
experiment and Q 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 Ca2*-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 Ca2* in syringe X and 50
mM TI* in syringe Q, Black: 34.4 mM Ca2* 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 seconds, illustrating the loss of MthK activity upon
sustained exposure to Ca2*. (e) Mean stretched exponential rates from fitting individual
mixing repeats from c—d to Equation 1 and calculating the rates using Equation 2. The error
bars are standard deviations from the repeated mixing reactions as in c. Experimental
replicates on independent samples should also be acquired.
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