
M e t h o d s  a n d  A p p r o a c h e s

The Rockefeller University Press  $30.00
J. Gen. Physiol. 2016 Vol. 147 No. 6 485–496
www.jgp.org/cgi/doi/10.1085/jgp.201611587

485

I N T  R O D  U C T  I O N

The cellular transport of ions and biological solutes, 
such as amino acids, proteins, nucleotides, and car-
bohydrates, across biological membranes requires 
specific transport proteins. Aside from ion channels, 
these proteins can be divided into two main classes: 
ATP-driven transporters (ABC transporters and P-type 
and F-type ATPases) and secondary active transport-
ers. The solute carriers (SLCs) represent a major 
family of the class of secondary active transporters. 
This group of transporters is very heterogeneous and 
makes up the second largest group of membrane 
proteins after the G protein–coupled receptors (Al-
exander et al., 2013). Functional characterization of 
these transporters and pumps is often challenging 
because of the shortage of suitable methods that can 
provide scientific flexibility and are easily applicable. 
Binding experiments or flux measurements of fluo-
rescently labeled or radiolabeled substrates in living 
cells, membrane vesicles, or liposomes are commonly 
used to functionally characterize transport processes. 
These techniques allow the direct observation of the 
substrate flux. The major drawback of these methods 
is that suitably labeled, preferably nontoxic, substrates 
are required. Alternatively, transport processes, which 

include the net transfer of electrical charge (electro-
genic transport), can be characterized by electrophys-
iological methods. The advantage of these methods 
is that electrical signals, such as transport currents 
or transport-dependent voltage changes, can be mea-
sured without markers and in real time. The conven-
tional patch clamp of native or cultured cells can be 
used only when the transporters and exchangers of 
interest display high turnover rates, comparable with 
those of ion channels (DeFelice and Goswami, 2007). 
When the current amplitudes of transporters that are 
recorded in mammalian cells are below the detection 
limit, Xenopus laevis oocytes are often used as an ex-
pression system, and whole cell currents are recorded 
using a two-electrode voltage clamp. The advantage of 
this method is that oocytes are much larger (∼1 mm), 
and therefore the recorded currents are usually con-
siderably higher in amplitude than the currents re-
corded from mammalian cells. Several isoforms of the 
sodium–calcium exchanger (NCX) and other trans-
porters, such as Na+-coupled glutamate transporters 
(Wadiche and Kavanaugh, 1998), carbohydrate trans-
porters (SGLTs; Wright et al., 2011), and monoamine 
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transporters (Henry et al., 2011), have been character-
ized using these approaches.

However, a major drawback of this method is that the 
turnover rates of transport proteins are frequently too 
small for straightforward patch-clamp or voltage-clamp 
measurements. These techniques might also be pre-
cluded or impeded when the analyzed transporters are 
from intracellular or noneukaryotic membranes. One 
solution to this problem is to purify transport proteins 
from bacterial or intracellular membranes and to incor-
porate them into artificial bilayers. This approach has 
been successfully applied to a variety of ion channels 
(Holden et al., 2006; Syeda et al., 2014) and to some 
transporters, such as the bacterial multidrug trans-
porter LmrA (Velamakanni et al., 2009). Such studies 
provided valuable information about the membrane 
biophysics of these proteins. However, one significant 
disadvantage of self-supported artificial bilayers is that 
they are limited by size to the micrometer range. Any 
sizes larger than this often lead to instability and col-
lapse of the bilayer. Therefore, only a restricted amount 
of protein can be incorporated into the lipid bilayer, 
substantially limiting the method if the protein of inter-
est has only a low turnover rate, as is the case for many 
SLC proteins, pumps, and ABC transporters.

A very promising but unexploited alternative ap-
proach to measure transporter currents is solid sup-
ported membrane (SSM)–based electrophysiology. 
SSMs consist of an artificial lipid monolayer on top of 
an alkanethiol monolayer, which is covalently bound to 
a gold-coated glass plate (Fig. 1). For the electrophysio-
logical measurement of membrane transporters, native 
membrane fragments or liposomes containing the 
transporter protein of interest are immobilized on top 
of the SSM. Synchronous activation of the transport 
proteins is usually performed by rapid application of a 
substrate-containing buffer via a perfusion system. The 
transport current into the vesicles or liposomes can be 
electrically recorded on the gold surface. The details of 
the read-out technique are displayed in Fig. 1 (D and E).

A remarkable advantage of the method is that the 
SSM is not subjected to the size limitation that is com-
mon in bilayer experiments. In fact, the area of the SSM 
can be increased to a diameter of several millimeters, 
which permits the immobilization of a very large num-
ber of liposomes or membrane vesicles on the SSM. The 
resulting high number of transporter proteins gener-
ates a combined electrical current in the order of sev-
eral hundred picoamperes to nanoamperes, which can 
be conveniently recorded with an electrophysiological 
amplifier. In this way, the amplification is sufficient to 
detect very low turnover rates. Importantly, native mem-
brane vesicles from any type of biological membrane 
and liposomes that contain reconstituted protein can 
be attached to the SSM. Therefore, noneukaryotic 
membrane proteins, such as bacterial or plant mem-

brane transporters, and intracellular membrane pro-
teins are also suitable for this technique.

SSM-based electrophysiology has been used success-
fully in several studies (Bamberg et al., 1993; Seifert et 
al., 1993; Pintschovius and Fendler, 1999; Fendler et al., 
2004; Geibel et al., 2006; Kelety et al., 2006; Bazzone et 
al., 2013; Garcia-Celma et al., 2013), for example to 
identify inhibitors of SER CA (Sadafi et al., 2014). De-
spite the obvious advantages and the high scientific po-
tential of the SSM technology, this method is not yet 
widely used. One reason could be that suitable techni-
cal equipment was not commercially available; thus, 
complex instrumentation had to be manufactured by 
engineering workshops to use the method. Here, we 
worked with a commercially available complete instru-
ment based on SSM technology (SUR FE2R N1; Nanion 
Technologies), which allows a wider community to im-
plement the method. To demonstrate the validity and 
illustrate possible applications of the SSM-based 
method, we used the prokaryotic NCX from the archae-
bacterium Methanococcus jannaschii (NCX_Mj) as a 
model system. This model system is valuable because 
both functional data and the crystal structure of this 
protein are available, and the combination of both view-
points provided insights into the structure–function re-
lation of NCX (Liao et al., 2012). However, the 
functional characterization of NCX_Mj has been lim-
ited to a few qualitative flux assays using radiolabeled 
Ca2+ and liposomes containing reconstituted NCX_Mj.

The family of NCXs plays an essential role in the 
homeostasis of cytosolic Ca2+ in many different or-
ganisms. These proteins transport Ca2+ across the cell 
membrane in exchange for Na+ with a predominant 
stoichiometry of 1 Ca2+ for 3 Na+ (Bers, 2002). This 
mode of action generates the transfer of a net positive 
charge and thus gives rise to electrogenic transport. 
Other transport ratios, such as 1:1, 1:2, and 1:4 (Ca/
Na) have been reported, depending on the cell type, 
isoform, and ionic conditions (Blaustein and Lederer, 
1999). At the negative resting potential of most cell 
types, NCXs export Ca2+ across the cell membrane 
in exchange for Na+ (Ca2+ efflux mode). In addition, 
NCX can operate in the reverse direction, moving 
Ca2+ into the cell (Ca2+ influx mode). The direction 
of transport depends on the driving force, which is 
given by the difference between the membrane po-
tential and the reversal potential of NCX. When the 
membrane potential is higher than the reversal po-
tential of the transporter, Ca2+ will move into the cell. 
For example, this situation occurs during the peak of 
an action potential or during ischemia if the Na+ con-
centration in the cell reaches a very high level. Thus, 
NCX proteins contribute to the removal of excessive 
intracellular Ca2+ and the initiation, maintenance, and 
termination of Ca2+ transients (Blaustein and Lederer, 
1999; Philipson and Nicoll, 2000; Sharma and O’Hal-
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loran, 2014). NCXs are present in many organisms. In 
humans, these proteins are highly expressed in muscle 
and neuronal tissue (Khananshvili, 2013), where they 
are essential for many Ca2+-dependent cell signaling 
processes, such as neurotransmission, skeletal and 
smooth muscle contraction, cardiac contractility (Ot-
tolia et al., 2013), and apoptosis (Sharma and O’Hal-
loran, 2014). Dysfunction of NCX has been associated 
with cardiac arrhythmia (Khananshvili, 2013) and ce-
rebral ischemia (Pignataro et al., 2004).

Using SSM-based electrophysiology, we performed a 
detailed functional characterization of the prokaryotic 
NCX_Mj, extending the published structural data with 
information about the functional properties of this 
transporter. To increase the accessibility of this power-
ful technique, we provided a detailed description of our 
experiments and also included an in-depth Materials 
and methods section and an extensive troubleshooting 
paragraph in the supplemental text.

M AT  E R I  A L S  A N D  M E T  H O D S

Preparation of giant unilamellar vesicles (GUVs)
GUVs were prepared by electroformation (Angelova, 
2000) using the Vesicle Prep Pro device (Nanion Tech-
nologies) according to the supplier’s standard protocol.

A lipid solution containing 10  mM 1,2-diphyta-
noyl-sn-glycero-3-phosphocholine (DPhPC; Avanti 
Polar Lipids, Inc.) and 1  mM cholesterol dissolved 
in trichloromethane was prepared. DPhPC is a com-
monly used lipid for bilayer experiments and the re-
constitution of isolated proteins. DPhPC membranes 
are very stable and good electrical insulators (Hsieh 
et al., 1997; Mey et al., 2009). Notably, DPhPC is con-
tained in the native membranes of archaea (Yasmann 
and Sukharev, 2015). The lipid solution must be stored 
in a glass container and is stable at −20°C for several 
months. It is very important that the lipid solution 
does not contain any water.

Figure 1. Schematic illustration of SSM-based electrophysiology. (A) Composition of an SSM‑based sensor for electrophysio‑
logical recordings. A gold‑coated glass plate in a small well carries an SSM. Liposomes are immobilized on the surface of the SSM. 
(B) Detailed view of one individual liposome on the SSM. The SSM consists of a hybrid bilayer that is formed by an alkanethiol 
monolayer and a phospholipid monolayer. The sulfhydryl group of the alkanethiol is covalently bound to the gold‑coated surface 
of a glass plate supporting the SSM. Liposomes adhere to the SSM via lipid–lipid interaction. Although the cartoon depicts a mul‑
tilayer structure at the liposome–SSM juncture, the exact arrangement of lipids at the contact point with the SSM is not currently 
known. Ions or charged substrates accumulate in the liposome as the result of the action of a transport protein. (C) Detailed view 
of the membrane interface. The charge accumulated inside the liposomes cannot flow through the insulating SSM but generates a 
measurable electron current on the gold electrode until the charge in the liposomes is electrically compensated. This mechanism is 
equivalent to the function of an electrical capacitor. The current flow on the gold surface is measured against a reference electrode 
with a constant ground potential. (D) Typical current signal recorded with SSM‑based electrophysiology. The individual segments 
of the signal are explained in E. I: The sensor is perfused with a control buffer, which contains no substrate. II: Upon application of 
a suitable transportable substrate, charge accumulates inside the liposomes, thereby generating an electron current on the gold 
surface. III: An electrochemical equilibrium is obtained. IV: After thorough rinsing of the sensor, the activation can be repeated.

http://www.jgp.org/cgi/content/full/jgp.201611587/DC1
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In total, 20  µl of the lipid solution was spread on 
the cleaned, conducting side of an indium-tin-oxide 
(ITO) glass slide. After evaporation of the solvent, the 
lipid formed an evenly shimmering or whitish film 
(Fig.  2 A). The prepared slide was positioned in the 
Vesicle Prep Pro device. A greased rubber ring was 
applied around the lipid, and 270 µl of 1 M sorbitol 
was added slowly to the lipid layer. The second ITO 
slide was positioned on top of the rubber ring. The 
formation of air bubbles must be avoided (Fig.  2, B 
and C). The device was closed, and electroformation 
was performed using an alternating voltage of 3 V and 
5 Hz for 2 h. This program is stored on the device in 
the default settings as “base protocol.” The obtained 
GUVs were carefully detached from the glass surface 
by pipetting the sorbitol solution within the rubber 
ring slowly up and down after carefully removing the 
top glass slide. The GUV solution was diluted with 
200 µl of 1 M sorbitol and stored in a plastic vial. To 
control the successful generation of GUVs, optical vi-
sualization with a phase contrast microscope can be 
performed by mixing a drop of water and a drop of 

GUV solution on a microscope slide (Fig.  2 D). The 
GUVs will burst on the glass over time. It is possible 
to use other methods to prepare detergent-free lipo-
somes, but adaption of the reconstitution protocol will 
be required. The usage of other lipids is possible as 
well but also requires optimization of the protocol.

Preparation of human NCX1-containing 
membrane fragments
A membrane preparation of NCX1 (SLC8A1) ex-
pressed in HEK-293 cells was performed as previously 
described (Krause et al., 2009). In brief, cells were 
kept in culture under standard conditions (5% CO2, 
37°C) and disrupted mechanically. The membrane 
was separated from cores and mitochondria using sev-
eral centrifugation steps and was purified using a su-
crose gradient. Membranes were frozen at −80°C and 
prepared for experiments as described previously 
(Geibel et al., 2006).

Purification of NCX_Mj protein
Protein was purified as described in detail by Liao et 
al. (2012) in the supplement of the initial publication 
reporting the structure of NCX_Mj. In brief, NCX 
from M. jannaschii was expressed in Escherichia coli, 
and the cells were lysed mechanically. The lysate was 
incubated with n-dodecyl-β-d-maltopyranoside for pro-
tein extraction, and the protein was collected with a 
TAL ON Co2+ affinity column. Hexahistidine tags were 
removed, and the protein was further purified and 
concentrated by gel filtration (Superdex-200, 10/300 
GL column; GE Healthcare). The peak fraction at 
∼13.2  ml was collected and mainly contained the 
monomer of NCX_Mj. The protein was further con-
centrated to 1–2 mg/ml using an Amicon Ultra-4 cen-
trifugal filter (MWCO 100 kD).

Reconstitution of NCX_Mj protein in GUVs
NCX_Mj was successfully reconstituted directly into the 
GUVs. For reconstitution, 10 µl of 2.5 µg/µl detergent-sol-
ubilized protein (0.6–1 mM DDM) was added to 200 µl 
GUV solution, vortexed for 5  s, and incubated at room 
temperature for 30 min. The solution was then incubated 
for another 2 h at 4°C. Next, 10 mg Bio-beads (Bio-Rad 
Laboratory) was added to the vesicles to remove detergent 
and incubated overnight at 4°C. The solution was then 
transferred to a new vial to remove the Bio-beads. Protein- 
containing vesicles were used immediately or stored at 
4°C for a maximum of 5 d. Similar reconstitution ap-
proaches have been described previously, e.g., by Kreir et 
al. (2008). Control experiments to optimize the ratio of 
the lipid and protein concentrations during the reconsti-
tution process were performed, and they indicated that 
10 µl of 2.5 µg/µl protein solution gave the optimal results 
(see Fig. 6 C). This protocol was not optimized for an ori-
ented insertion of the protein into the liposomes.

Figure 2. Preparation of GUVs. (A) Lipid film on the ITO glass 
slide after evaporation of solvent. It should form an even whitish 
or shimmering film. (B) Fully mounted Vesicle Prep Pro setup 
including the prepared slide with lipid film and sorbitol solution. 
(C) Cartoon of the assembling procedure of the ITO slides. In 
step 1, lipid is spread on the first ITO slide, and the rubber ring is 
mounted on top after evaporation of the solvent. In step 2, the 
rubber ring is filled with sorbitol solution, and the second ITO 
slide is layered on top. (D) GUVs obtained after the procedure.
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Thiol coating of the sensors blanks
The combination of SSM and immobilized liposomes 
or membrane fragments is referred to as the sensor. 
All experiments were performed using the SUR FE2R 
N1 device and the matching N1 sensor blanks (Nanion 
Technologies). The sensor blanks included a 3-mm-di-
ameter gold surface inside a small well, and the gold 
surface was already coated with an alkanethiol layer. 
This layer was refreshed in advance of SSM assembly to 
enable the formation of a stable and electrically dense 
hybrid lipid layer. This was done by incubating the 
sensor blank with 50  µl of 0.5  mM 1-octadecanethiol 
dissolved in isopropanol for 30 min. Isopropanol was 
heated slightly to dissolve the octadecanethiol. The pre-
pared octadecanethiol solution was stored at room tem-
perature in the dark in a glass vial. The sensor blanks 
were enclosed in a small container during incubation to 
prevent evaporation of the solvent. After the incubation 
period, the sensor well was rinsed once with isopropanol 
and twice with water (ddH2O), drained by tapping on a 
tissue, and left for 30 min at room temperature to dry.

Preparation of the SSM
For this step, 7.5 µg/µl DPhPC was dissolved in n-Dec-
ane. The lipid solution can be stored at −20°C or −80°C 
for several months in a glass vial. It is critical for the 
solution to remain free of water. 1.5 µl was added to the 
thiol-coated gold surface. The pipette should not touch 
the surface. The lipid formed a small drop on the pi-
pette tip, and the drop spread out as soon as it touched 
the hydrophobic gold surface. Immediately, 80  µl of 
loading buffer was carefully added. The GUV solution 
was sonicated for 30  s in a water bath, and 8  µl was 
added directly to the SSM by submerging the pipette in 
the buffer. Afterward, the sensors were centrifuged for 
1 h at 2,200 g. The sensors showed activity for several 
days when stored at 4°C. The quality of the SSM was 
ensured by selecting sensors with appropriate values of 
conductance σ and capacitance C. These values reflect 
the electrical properties of the hybrid lipid layer. The 
sensors should have a conductance <3 nS and capaci-
tance <20 nF. Higher values indicate a perforated lipid 
layer or a thick lipid multilayer, which manifests itself in 
high noise and sensitivity to mechanical and chemical 
disturbances. The threshold values were evaluated em-
pirically. The SUR FE2R N1 device includes default func-
tions to perform these measurements. In brief, certain 
voltage protocols were applied to the SSM, and σ and C 
were calculated from the current response (Fig. 3).

Electrophysiological measurements
Prepared sensors were inserted into the Faraday cage of 
the SUR FE2R N1 device (Fig. 4, A and C), and buffers 
were applied via its fast automatic perfusion system 
(Fig.  4  D). A protocol was generated in advance that 
defined the buffer positions, application speed, and 

times. The perfusion system of the SUR FE2R N1 allows 
the application and exchange of buffers in a continu-
ous liquid flow. The following buffer addition sequence 
was used for all experiments. First, control buffer was 
applied for 2 s with a flow rate of 200 µl/s. This step was 
performed to wash away the loading buffer in the sen-
sor well and to generate a clean baseline before NCX_
Mj activation. With the same flow rate of 200 µl/s, the 
activation buffer was then applied for 2  s and washed 
out again by control buffer (2 s). During those 6 s, the 
current response was recorded. After the recording, the 
sensor was rinsed with loading buffer. The protocol de-
scribed can be adapted to any SSM-based electrophysio-
logical system.

Buffer solutions
Buffers were prepared according to Table 1. EGTA was 
added to all buffers to set the free Ca2+ concentration 
in Ca2+-containing buffers or to chelate the trace 
amount of free Ca2+ in Ca2+-free buffers. The free Ca2+ 
concentration was calculated with MaxChelator (Chris 
Patton, Stanford University), a widely used software 
tool for determining the free metal concentrations in 
the presence of chelators (Bers et al., 2010). JavaScript 
web version 1.2 using constants from National Institute 
of Standards and Technology (NIST) Database 46 ver-
sion 8 was used. For Ca2+ affinity experiments, Mg2+ was 
removed from the solutions. For divalent inhibition ex-
periments, EGTA was removed. For selectivity experi-
ments, Ca2+ and Na+ were substituted by the ions of 
interest. Variations of the buffer properties can cause 
physical disturbances of the large and sensitive elec-
trode, which can resemble signals. Therefore, it is im-
portant to minimize differences in the individual 
buffers with regards to pH, osmolarity, and ionic 

Figure 3. Determination of the capacitance and conduc-
tance of an SSM sensor. Voltage traces are displayed in blue; 
current traces are displayed in black. (A) Conductance mea‑
surement. A voltage step from 0 to 100 mV is applied, and the 
resulting offset current is measured. The conductance can be 
calculated from the offset current: σ = Δi/Uref. (B) Capacitance 
is determined by the application of a periodic and symmetric 
triangular voltage command (symmetric up and down slop‑
ing voltage ramp) and the recording of the resulting current 
response. A typical current trace is depicted above. From the 
current amplitude, the capacitance can be calculated as C = 
ΔiT/4Uref, where T stands for the period of the delta voltage.
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strength. For this purpose, 10 mM choline chloride was 
added to the control buffer (inward INa/Ca) to compen-
sate for the sodium-induced difference in osmolarity. 
The signal baseline was further stabilized by the addi-
tion of 50 mM choline chloride to both the control and 
activation buffers.

Data analysis
The net movement of cations out of the vesicles into 
the sensor lumen is displayed as a positive current, 
which matches the patch-clamp convention of report-
ing an outward cation flux as a current with positive 
sign. Raw data were exported as ASC II files, and analy-

sis was performed using the scientific graphing and 
data analysis program IGOR Pro 6 (WaveMetrics). Peak 
currents were determined using a peak detection algo-
rithm. For every mean value, only results from differ-
ent sensors were compared. The errors indicate the 
SEM. Concentration response relationships for inhibi-
tion and apparent affinity were obtained by perfusion 
of the sensors with increasing ion concentrations. Data 
were normalized to the maximum amplitude and de-
scribed by fitting to a Hill function (Boyman et al., 
2009; Ottolia et al., 2009):

  I  (  c )    =   1 _______ 
1 +   (    c ___  K  d  

   )     
nH

 
  . 

The reported IC50 and apparent Kd values and the cor-
responding errors were calculated by fitting each test 
series to a Hill function and subsequently averaging the 
individual values. The number of experiments per-
formed on independent sensors is indicated as n.

Online supplemental material
In the supplemental material, further details of the 
SSM-based electrophysiology technique are provided 
for researchers who wish to establish the method in 
their own laboratory. The first section includes a 
detailed troubleshooting section, which is subdivided 
into the topics GUV formation, reconstitution, SSM 
preparation, and measurement. Table S1 shows 
preparation of GUVs. Table S2 shows reconstitution of 
NCX_Mj protein in GUVs. Table S3 shows sensor 
thiolization. Table S4 shows SSM preparation. Table S5 
shows electrophysiological ion current measurement. 
The second section contains general instructions about 
how to design suitable buffer solutions when setting up 
a new SSM-based assay from scratch. Table S6 shows 
substrate and ion substitutes. Online supplemental 
material is available at http ://www .jgp .org /cgi /content 
/full /jgp .201611587 /DC1.

R E S  U LT S

To characterize NCX_Mj using SSM-based electrophysi-
ology, the protein was purified from E. coli and recon-
stituted into unilamellar liposomes. An SSM was 
generated by first coating a 3-mm gold electrode with 

Figure 4. SUR FE2R N1 device. (A) The complete device 
(screen with the user interface not shown). (B) Sensor blank with 
gold surface included in the well. (C) Mounting the sensor onto 
the Faraday chamber of the device. (D) The perfusion system 
of the device. Two separate pipettes add and remove liquid 
simultaneously. The Y‑shaped feeding channels enable the ap‑
plication of two different buffers in a continuous flow.

Table 1. Buffer composition

Outward INa/Ca Inward INa/Ca

Loading buffer Control buffer Activation buffer Loading buffer Control buffer Activation buffer

30 mM HEP ES 30 mM HEP ES 30 mM HEP ES 30 mM HEP ES 30 mM HEP ES 30 mM HEP ES
1 mM EGTA 1 mM EGTA 1 mM EGTA 1 mM EGTA 1 mM EGTA 1 mM EGTA
4 mM MgCl2 4 mM MgCl2 4 mM MgCl2 4 mM MgCl2 4 mM MgCl2 4 mM MgCl2

140 mM NaCl 280 mM sorbitol 280 mM sorbitol 220 mM sorbitol 180 mM sorbitol 180 mM sorbitol
pH 7.4 (NMDG) pH 7.4 (NMDG) 100 µM CaCl2 (free) 20 mM CaCl2 60 mM choline Cl 50 mM choline Cl

pH 7.4 (NMDG) pH 7.4 (NMDG) pH 7.4 (NMDG) 10 mM NaCl
pH 7.4 (NMDG)

http://www.jgp.org/cgi/content/full/jgp.201611587/DC1
http://www.jgp.org/cgi/content/full/jgp.201611587/DC1
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octadecanethiol and subsequently with a phospholipid 
monolayer. The sensor was finalized by immobilization 
of protein-containing liposomes on the SSM. NCX-con-
taining sensors were inserted into the measuring cham-
ber and perfusion system of the SUR FE2R N1, which 
allows rapid application and exchange of extra-liposo-
mal buffers in a continuous flow.

Lipid vesicles were loaded with 140 mM Na+ during 
the preparation of the SSM sensor. At the beginning of 
the electrophysiological experiment, stable baseline 
conditions were established by the application of a Na+- 
and Ca2+-free control buffer via the perfusion system 
(Fig.  5  A, step 1). This step ensured clearly defined 
starting conditions, established a strong Na+ gradient, 
and clearly separated the signal of interest from possi-
ble mechanical disturbances, which could be caused by 
the onset of the perfusion. INa/Ca was subsequently acti-
vated by application of Ca2+-containing buffer (100 µM 
free Ca2+, Na+ free; Fig. 5 A, step 2). The application of 
external Ca2+ to vesicles containing Na+ generated a 
transient outward exchanger current INa/Ca. Finally, the 
Ca2+-containing buffer was washed out with a Ca2+-free 
control buffer (Fig.  5 A, step 3). This activation cycle 
was highly reproducible, e.g., it could typically be re-
peated at least 10 times. The outwardly directed INa/Ca 
indicates that NCX_Mj generates a net cation flux out 
of the liposomes. This finding is consistent with a net 
flux of Na+ out of the vesicles, most likely caused by the 
dominant stoichiometry of 3 Na+ ions to 1 Ca2+ ion that 
is well known for other members of the NCX family 
(Bers, 2002). The specific buffer composition can be 
found in Materials and methods (Buffer solutions).

The aforementioned procedure allows the applica-
tion of different Ca2+ concentrations, various other diva-
lent ions, and inhibitors. However, it does not allow 
straightforward alteration of the Na+ concentration be-
cause Na+ ions are present on the luminal side of the 
vesicles. To investigate the apparent Na+ affinity, INa/Ca 
was induced as a net inward cation flux (Fig. 5 B). To 
achieve this current, the ion concentrations on both 
sides of the membrane were inverted. The sensors were 
prepared in a Na+-free loading buffer containing 20 mM 
Ca2+. NCX_Mj was activated by rapid application of 
Na+-containing buffer (10 mM). The external applica-
tion of Na+ to Ca2+-containing vesicles then generated a 
transient inward INa/Ca, which was produced by the elec-
trogenic transport of Na+ in and Ca2+ out of the vesicles.

To statistically validate the reproducibility and effi-
ciency of the method, including the success of reconsti-
tution and the success of sensor preparation, different 
batches of NCX_Mj-containing liposomes were pre-
pared, and the INa/Ca amplitudes were compared. 
Themean Ca2+-induced outward INa/Ca amplitude was 
830 ± 101 pA (n = 10 batches), and the Na+-induced in-
ward INa/Ca amplitude was −1,116 ± 125 pA (n = 12 
batches). In contrast, when protein-free liposomes were 

used for the control experiments, the mean peak cur-
rent amplitudes were −72 ± 6 pA (Ca2+-containing vesi-
cles) and −83 ± 21 pA (Na+-containing vesicles). These 
results indicate a ratio of signal to nonspecific baseline 
artifacts of ∼1:10 (Fig.  6  A). The quality of each pre-
pared sensor was controlled by determining the capaci-
tance and conductance of the SSM; these parameters 
reflect the condition of the lipid layer. Sensors with a 
capacitance >20 nF or conductance >3 nS were dis-
carded. The mean capacitance and conductance of the 
sensors used for experiments were 13.9 ± 1 nF and 1.2 ± 
0.1 nS, respectively (Fig. 6 B). Less than 10% of all pre-
pared sensors failed this quality control. To optimize 
the protein reconstitution process, the protein concen-
tration during reconstitution was varied. These experi-
ments revealed that the NCX_Mj signal increases in 
parallel with the protein concentration and saturates at 
125 ng/µl (Fig. 6 C). Although we observed a strong de-
pendence of NCX_Mj activity on the input protein con-
centration used for the experiment, there is no 
straightforward way to actually quantify the fraction of 
active protein successfully reconstituted in the mem-
brane of the vesicles and the number of liposomes per 
sensor. Given that all liposomes adhere to the sensor 
and assuming a turnover rate of 5,000/s (determined 
for eukaryotic NCX1 [Hilgemann, 1996]), we can esti-
mate a reconstitution rate of 0.2 × 10−2%. There are sev-
eral possible explanations for this observed low 
reconstitution rate. Likely, the reconstitution rate could 
be underestimated, either because of the insertion of 

Figure 5. SSM-based NCX_Mj assays in liposomes. A car‑
toon view of the SSM setup is depicted on the left; the resulting 
current is depicted on the right. The accurate composition of 
all buffers can be found in Materials and methods (Buffer solu‑
tions). (A) NCX_Mj is reconstituted into lipid vesicles containing 
Na+. A transient outward cation net flux INa/Ca is activated by the 
application of a buffer containing Ca2+. (B) Same as in A, but in 
this panel, the vesicles contain Ca2+, and the transport is acti‑
vated by the application of external Na+. The signal is inverted 
as the result of an opposite Na+ flux.
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nonfunctional protein or the precipitation of a major 
fraction of the protein during the reconstitution pro-
cess; the precipitated protein would not be integrated 
into the vesicle. Otherwise, the reconstitution capacity, 
the stability, and the process of protein insertion of the 
specific liposome type used likely differs from other li-
posome types, mainly because of the large size and the 
complete absence of detergent. However, if we assume 
a 100% reconstitution rate and 100% adhesion effi-
ciency of the added liposomes to the sensor, we can es-
timate a minimum turnover rate of ∼1.03 × 10−3/s.

We used the established NCX_Mj activation modes 
of inward and outward INa/Ca (Fig. 5) to determine ap-
parent Ca2+ and Na+ affinity of NCX_Mj (Fig.  7). For 
the determination of the apparent Ca2+ affinity, the li-
posomes were loaded with 140 mM Na+ (outward INa/Ca)  
while varying extra-liposomal Ca2+ concentrations were 
applied. For the determination of the apparent Na+ 
affinity, the liposomes were loaded with 10  mM Ca2+ 
(outward INa/Ca) while varying extra-liposomal Na+ 
concentration. In a subset of analogous experiments, 
the results were compared with human NCX1, which 
is present in membrane fragments from HEK cells ex-
pressing NCX1. Control experiments were performed 
with empty liposomes for NCX_Mj or with membrane 
fragments generated from the parental cell line for 

NCX1. The recording solutions were identical in all 
these subsets of experiments. These experiments re-
vealed a half-activating Ca2+ concentration of 0.33 ± 
0.08 µM (n = 5) for NCX_Mj and of 0.42 ± 0.02 µM (n = 
3) for human NCX1. The half-activating Na+ concentra-
tions were 20.1 ± 1.5 mM (n = 4) for NCX_Mj and 44.1 
± 0.7 mM (n = 3) for NCX1 (Fig. 7). The identified ap-
parent affinities should be considered a weighted mean 
of both transport modes, reflecting the nonoriented 
integration of the purified protein into the liposomes.

It is well known that NCXs are inhibited by divalent 
ions (Iwamoto and Shigekawa, 1998; Blaustein and 
Lederer, 1999). To investigate this characteristic of 
NCX_Mj using our method, we analyzed the effects of 
Cd2+, Mn2+, and Mg2+ on INa/Ca. This was achieved by the 
addition of the respective divalent ion to all buffers. 
The experiments revealed that the INa/Ca activated by ei-
ther Ca2+ or Na+ was fully blocked by 100  µM Cd2+ 
(Fig. 8 A). The IC50 of the Cd2+-dependent inhibition of 
INa/Ca was 2.2 ± 0.3 µM (n = 3; Fig. 8 B). The Cd2+ inhibi-

Figure 6. Control experiments to evaluate the reconstitu-
tion success and SSM quality. (A) Mean peak INa/Ca amplitude 
of different liposome batches (n = 10). *, P < 0.001. (B) SSM 
properties. The mean capacitance was 13.9 ± 1 nF, and the 
mean conductance was 1.2 ± 0.1 nS (n = 17). (C) Optimization 
of the protein reconstitution process by testing different pro‑
tein to lipid ratios. The detergent concentration was adjusted 
to 50 µM. The lipid concentration was 0.375 mg/ml throughout 
the experiment. The most effective concentration was 125 ng/µl  
protein (n = 3). Errors indicate the SEM.

Figure 7. Apparent Ca2+ and Na+ affinities of NCX_Mj and 
human NCX1. EC50 was calculated separately for each sensor 
and subsequently averaged. Control experiments (triangles) 
were performed with empty liposomes/parental HEK cell mem‑
branes. The current response of the control measurements was 
averaged and normalized to the mean current response of NCX 
using 100 µM Ca2+/100 mM Na+. (A) The apparent Ca2+ affinity 
was measured using vesicles loaded with 140 mM Na+. An out‑
ward INa/Ca was activated by the application of solution contain‑
ing differing free Ca2+ concentrations as indicated. EC50NCX_Mj 
= 0.33 ± 0.08 µM and EC50NCX1 = 0.42 ± 0.02 µM (n = 5). Hill 
coefficients: 1.1 ± 0.18 for NCX_Mj and 1.06 ± 0.13 for NCX1. 
(B) Apparent Na+ affinity was determined using vesicles loaded 
with 20 mM Ca2+. An inward INa/Ca was activated by the appli‑
cation of increasing Na+ concentrations as indicated. EC50NCX_Mj 
= 20.1 ± 1.5 mM and EC50NCX1 = 44.1 ± 0.7 mM (n = 4). Hill 
coefficients: 1.7 ± 0.07 for NCX_Mj and 1.4 ± 0.04 for NCX1. 
(C) Representative current traces of NCX_Mj INa/Ca evoked by 
different Ca2+ concentrations. (D) Representative current traces 
induced by Na+. Errors indicate the SEM.
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tion was partially reversible, with a 60% recovery of the 
INa/Ca amplitude relative to the control (Fig. 8 C). Mn2+ 
caused only a partial inhibition of INa/Ca, showing an ap-
proximate 10% decrease in the presence of 100  µM 
Mn2+ compared with the control. Mg2+ induced no sig-
nificant inhibition at concentrations of 100  µM and 
<10% inhibition at 4 mM. Because the physiologically 
most relevant divalent cations in the cell are Ca2+ and 
Mg2+, we further analyzed the apparent Ca2+ affinity in 
both the absence and presence of 100 µM and 4 mM 
Mg2+. In the presence of 4 mM Mg2+, the Ca2+-depen-
dent activation of INa/Ca was sigmoidal and shifted in 
parallel toward higher Ca2+ concentrations (Fig. 8 D). 
This finding could indicate a specific interaction of the 
Mg2+- with the Ca2+-binding site or with the transport 
mechanism. It is also possible that a change in surface 
potential could contribute to or completely account for 
the observed shift.

Furthermore, we used the SSM-based method to in-
vestigate the selectivity of NCX_Mj for some monova-
lent cations of main group 1 (alkaline metals) and some 
divalent cations of main group 2 (alkaline earth met-
als). Mg2+, Sr2+, and Ba2+ were tested as Ca2+ substitutes; 
K+, Rb+, and Li+ were tested as Na+ substitutes. As a pos-
itive control, experiments using Na+ and Ca2+ were per-
formed simultaneously. The INa/Ca amplitude of the 
tested cations was normalized to either the Na+ (mon-
ovalent cations)- or the Ca2+ (divalent cations)-induced 
amplitude for comparability. Negative control experi-
ments were performed using protein-free liposomes. By 
preloading the liposomes with high concentrations of 
the respective cations (140 mM for monovalent cations, 
20 mM for divalent), we first tested whether these cat-
ions could serve as alternative substrates at very high 
concentrations (Fig.  9, A and B). This procedure was 
selected to avoid large differences in the ionic concen-
trations of the control and substrate-containing buffers, 
which could cause a physical disturbance of the current 
baseline (for detailed information, see supplement text 
section Buffer composition instructions for new assays). 
In liposomes loaded with 20 mM of the respective diva-
lent ions, application of buffer containing 10 mM Na+ 
induced an inward INa/Ca in all cases with an amplitude 
significantly higher than that of the negative control 
measurements of protein-free liposomes (Fig. 9 A). Li-
posomes loaded with Sr2+ generated an even higher INa/Ca 
amplitude than did Ca2+-loaded liposomes (145 ± 15%). 
The Mg2+- and Ba2+-mediated inward INa/Ca amplitudes 
were slightly lower than the Ca2+ current amplitudes (63 
± 3% and 78 ± 3%). These results indicate a low selectiv-
ity of the transporter for Ca2+. Analogous experiments 
were performed for monovalent cations (Fig. 9 B). Ves-
icles were loaded with 140 mM of the respective mon-
ovalent cations, and an outward INa/Ca was induced by 
the application of extra-liposomal solution containing 
100 µM Ca2+. Remarkably, in addition to Na+, only Li+-

loaded liposomes gave rise to an outward INa/Ca (23 ± 
5%) significantly higher than that of protein-free con-
trol liposomes, whereas Rb+ and K+ did not, indicating a 
high selectivity of the transporter for Na+.

In a second set of experiments, the cations of inter-
est were applied to the extra-liposomal side of the ves-
icles in physiologically relevant concentrations. First, 
liposomes were loaded with 140  mM Na+, and extra- 
liposomal buffer containing 100  µM of the respective 
divalent cation was applied (Fig. 9 C). Among the diva-
lent cations tested, only Ca2+ and Sr2+ induced an out-
ward INa/Ca, whereas Mg2+ and Ba2+ did not. Surprisingly, 
the Sr2+-induced outward INa/Ca amplitudes were higher 
than the Ca2+-induced current amplitudes (168 ± 51%, 
P = 0.039). Furthermore, liposomes were loaded with 
20  mM Ca2+, and extra-liposomal buffer containing 
10 mM monovalent cations was applied (Fig. 9 D). No 
monovalent cation was able to substitute Na+ at a con-
centration of 10  mM. Li+ generated a small NCX-like 
inward INa/Ca. In an additional subset of experiments, 
the Cd2+ sensitivity of the currents induced by Ca2+ and 

Figure 8. Inhibition of NCX_Mj by divalent cations. (A) Rep‑
resentative traces of Na+‑ and Ca2+‑activated NCX_Mj currents. 
Both are inhibited by 100 µM Cd2+. (B) Concentration response 
curves of Cd2+, Mg2+, and Mn2+ in the presence of 100 µM Ca2+. 
Cd2+ caused a strong inhibition at low concentrations (IC50 = 2.2 
± 0.3 µM, Hill = 0.8 ± 0.05, n = 3), whereas Mn2+ decreased INa/Ca  
by only 10% at 100 µM (n = 2). Mg2+ inhibited INa/Ca by <10% 
at a concentration of 4 mM. (C) Reversibility of Cd2+ inhibition. 
After activation of INa/Ca by Ca2+ and subsequent block by Cd2+ 
(100 µM, duration: 2 s), only partial recovery of INa/Ca upon wash‑
out of Cd2+ was observed. (D) Apparent Ca2+ affinity of NCX in 
the absence and presence of 100 µM or 4 mM Mg2+. The Ca2+ 
affinity of NCX_Mj did not change in the presence of 100 µM 
Mg2+. In the presence of 4 mM Mg2+, the Ca2+‑induced NCX_Mj 
activity was shifted toward higher Ca2+ concentrations. Hill co‑
efficients: 0.9 ± 0.02 (4 mM), 1.2 ± 0.13 (100 µM), and 1.1 ± 0.18 
(no Mg2+). Errors indicate the SEM.

http://www.jgp.org/cgi/content/full/jgp.201611587/DC1
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Na+ substitutes was tested. The Sr2+-, Mg2+-, Ba2+-, and 
Li+-generated outward and inward currents in the pres-
ence and absence of 100 µM Cd2+ were compared. Just 
as observed for the Ca2+-induced INa/Ca, the inward and 
outward currents carried by Sr2+, Mg2+, and Ba2+ were 
inhibited by Cd2+, whereas the Li+-generated currents 
were insensitive to Cd2+. Collectively, these results indi-
cate that NCX transporters are highly selective for Na+, 
whereas the selectivity for Ca2+ is substantially lower.

Because replacement of Ca2+ by Sr2+ resulted in a 
prominent INa/Ca, we determined the apparent Sr2+ af-
finity (Fig. 10). We found that the half-activating con-
centration of Sr2+ was 19.5 ± 4.0  µM (n = 3). In 
conclusion, Sr2+ generated higher current amplitudes 
than Ca2+; however, the apparent affinity of NCX_Mj for 
Sr2+ was lower than for Ca2+ (0.33 µM).

D I S  C U S  S I O N

In this study, we used the archaeal sodium–calcium 
transporter protein NCX_Mj as a model system to 

demonstrate the successful implementation of an SSM-
based electrophysiological approach. By applying this 
method, we obtained an accessible, robust, and flexible 
assay that is suitable for the electrophysiological charac-
terization of the prokaryotic transporter protein.

The SSM-based technology is characterized by a high 
overall success rate of >90%, as indicated by a suitable 
conductance and capacity (<3 nS, <20 pF) of the pre-
pared SSM sensors and the ability to generate reproduc-
ible NCX_Mj transport currents with a satisfactory 
signal to noise ratio (>10:1). Currents up to 2 nA ampli-
tude were measured. The transporter current could be 
activated repetitively with a stable amplitude at least 10 
times per sensor, enabling complete EC50 or IC50 deter-
mination using the same population of proteins.

Our approach allowed us to obtain a detailed elec-
trophysiological characterization and comparison of 
different NCX isoforms. We found that NCX_Mj-de-
pendent transport is electrogenic, consistent with the 
proposed main transport stoichiometry of 3 Na+ to 
1 Ca2+ (Liao et al., 2012). The apparent affinities for 

Figure 9. Ca2+ and Na+ selectivities of NCX_Mj. Negative control experiments are represented by black columns. *, P < 0.05.  
(A) NCX_Mj‑containing liposomes were loaded with 20 mM of different divalent cations (Ca2+/Mg2+/Sr2+/Ba2+), and the activation 
of an inward INa/Ca was induced by the application of extra‑liposomal buffer containing 10 mM Na+. (B) Liposomes were loaded with 
140 mM of different monovalent cations (Na+/K+/Rb+/Li+), and the activation of an outward INa/Ca was induced by the application of 
extra‑liposomal buffer containing 100 µM Ca2+. (C) Liposomes were loaded with 140 mM Na+, and an outward INa/Ca was activated by 
the application of a solution containing 100 µM of the respective divalent cation. The application of Mg2+ generates a small nega‑
tive peak resulting from nonspecific interference with the gold electrode; control liposomes showed the same behavior. (D) Vesicles 
were loaded with 20 mM Ca2+, and an inward INa/Ca was activated by the application of solution containing 10 mM of the monovalent 
cation. Errors indicate the SEM. n = 3–5 for every experiment. 
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Na+ and Ca2+ are in the expected range for a mem-
ber of the NCX family (Blaustein and Lederer, 1999). 
NCX_Mj is inhibited by divalent cations; Cd2+ displayed 
the highest blocking effect, with an IC50 value of 2.2 ± 
0.3 µM (n = 3). This value is somewhat lower than the 
published values of 30–60 µM for eukaryotic NCX1–3, 
which were determined by Ca2+ uptake assays (Iwamoto 
and Shigekawa, 1998) and considerably lower than the 
IC50 of ∼0.4 mM determined for NCX_Mj by Liao et al. 
(2012) (Ca2+ uptake assay). A possible reason for the 
considerably lower values observed by the SSM method 
than by the radioisotope labeled flux assay is differ-
ences in the experimental conditions, particularly the 
time scale and read-out method of the two approaches. 
The exact reason is not known. In addition, we ob-
served a blocking effect of Mn2+ and Mg2+ at high con-
centrations, which is in agreement with experiments 
performed on eukaryotic NCX isoforms (Iwamoto and 
Shigekawa, 1998; Blaustein and Lederer, 1999). In an-
other set of experiments, we investigated the selectivity 
for Na+ and Ca2+. NCX_Mj showed a high selectivity for 
Na+ compared with other monovalent alkali cations, 
whereas Sr2+ substituted for Ca2+ very effectively at low 
concentrations. Although the apparent Sr2+ affinity was 
lower than the apparent Ca2+ affinity, the observed cur-
rent amplitudes generated by Sr2+ were significantly 
higher. Mg2+ and Ba2+ were able to substitute for Ca2+ 
at high concentrations; this finding is compatible with 
the described properties of eukaryotic NCXs (Blaustein 
and Lederer, 1999).

In direct comparison of NCX1 and NCX_Mj, the ap-
parent Ca2+ and Na+ affinities were almost identical. To-
gether with the observed typical NCX characteristics, this 
result suggests a very close functional similarity of the 
archaeal isoform NCX_Mj to the well-described eukary-
otic NCX isoforms. This finding is particularly notewor-
thy because prokaryotic NCX isoforms lack the f-loop, a 
large intracellular regulatory domain. Therefore, these 
findings not only refine our knowledge of the electro-
physiological properties of the archaeal NCX isoform, 
but also confirm that the NCX_Mj crystal structure (Liao 
et al., 2012) is a valid model for other NCX isoforms.

Our results primarily demonstrate that SSM-based 
electrophysiology is well suited for the detailed func-
tional characterization of transport proteins, as exem-
plified by NCX_Mj. The method enabled straightforward 
real-time measurements of the transport currents, 
which were characterized by high stability and flexibility 
(regarding buffer composition, transported substrates, 
and source of transport protein). These features qualify 
the SSM-based approach as a valuable alternative to 
conventional patch-clamp experiments, particularly for 
prokaryotic or intracellular transporters or for proteins 
that generate currents below the resolvable amplitude. 
In particular, we believe that SSM-based electrophysiol-
ogy provides a convenient approach that complements 

structural studies, allowing functional experiments with 
the same protein sample. Furthermore, in our opinion, 
the method has, because of its robustness and scalabil-
ity, great potential as a tool for drug discovery. We hope 
that the SSM-based approach will be adapted for studies 
of other electrogenic transporters, and we are con-
vinced that the interesting features of the method will 
stimulate its propagation in the future.
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