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Biomimetic membrane platform containing hERG
potassium channel and its application to drug
screening†

Ahu Arslan Yildiz,*a CongBao Kangb and Eva-Kathrin Sinnerc

The hERG (human ether-à-go-go-related gene) potassium channel has been extensively studied by both

academia and industry because of its relation to inherited or drug-induced long QT syndrome (LQTS).

Unpredicted hERG and drug interaction affecting channel activity is of main concern for drug discovery.

Although there are several methods to test hERG and drug interaction, it is still necessary to develop

some efficient and economic ways to probe hERG and drug interactions. To contribute this aim, we have

developed a biomimetic lipid membrane platform into which the hERG channel can be folded.

Expression and integration of the hERG channel was achieved using a cell-free (CF) expression system.

The folding of hERG in the biomimetic membrane system was investigated using Surface Plasmon

Enhanced Fluorescence Spectroscopy (SPFS) and Imaging Surface Plasmon Resonance (iSPR). In addition,

the hERG channel folded into our biomimetic membrane platform was used for probing the channel

and drug interactions through fluorescence polarization (FP) assay. Our results suggest that the

biomimetic system employed is capable of detecting the interaction between hERG and different

channel blockers at varied concentrations. We believe that our current approach could be applied to

other membrane proteins for drug screening or other protein-related interactions.
Introduction

Membrane proteins (MPs) are important key regulators in many
biological processes such as ion transportation, generation of
energy or transduction of signals across cell membranes. It is
estimated that there are over 30% of the genome encoding MPs.
The number of MPs being well studied is still limited due to
many challenges including the need to obtain a large amount of
target protein and selection of a suitable membrane-mimicking
system to sustain the structure and function of a MP. A major
limitation is inadequate expression systems and insufficient
amounts of protein samples. Low expression efficiency, toxicity
to the host cell, aggregation and folding problems are common
difficulties when in vivo expression systems are used.1 The cell-
free (CF) protein expression method is a powerful alternative for
protein production2–5 and has been used more recently to
express many MPs to overcome all of these difficulties.6,7 The CF
system brings many advantages to this eld and enables the
eering (IMRE), 3 Research Link, 117602,

.sg; Fax: +65 6774 1042; Tel: +65 6874

1 Biopolis Way Nanos Level 3, 138669,
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Chemistry 2013
addition of necessary components such as detergents or lipid
membrane at any time. Addition of membrane-mimicking
systems such as detergent micelles or lipids enables the folding
of MPs into those membrane-mimicking media. Previously it
has been reported that mild detergents such as digitonin, LMPG
and Brij derivatives are suitable for soluble and functional
membrane protein production.8–10 Although detergents provide
a suitable system for MP folding, tolerance of the CF system to
detergents is limited. An excess amount of detergents could
cause denaturation, disruption of function or even inhibition of
protein production.

In this work we intended to set up a system for expression,
purication and characterization of MPs by combining a CF
approach with an articial membrane platform (Fig. 1) instead
of detergent micelles. An articial membrane mimic not only
overcomes expression limitations but also provides a robust
experimental platform for many surface-science-based charac-
terization techniques.11–13 Recently, supported membrane plat-
forms have become involved in many membrane-related
biological processes.14,15 They have become highly promising
tool for the development of membrane-based biosensors and
for pharmacological studies of drug screening.16,17

We chose the hERG (human ether-à-go-go-related gene)
potassium channel in this study because it is one of the most
important targets in drug discovery. The hERG channel is a
member of the voltage-gated potassium channel family.
hERG channels are generally involved in action potential
Analyst, 2013, 138, 2007–2012 | 2007
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Fig. 1 Schematic representation of CF expression and integration of a MP in an
artificial membrane platform: (a) CF expression reaction mix, containing CF
mixture, DNA of target protein (hERG) and artificial membrane platform; and (b)
MP expressed and inserted in biomimetic membrane platform.
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repolarization,18 and gain- or loss-of-function mutation can lead
to sudden death.19 Due to its importance, hERG–drug interac-
tions have been studied extensively.20–27 The hERG contains an
N-terminal domain, six transmembrane segments and a C-
terminal domain. The gating of the hERG channel is regulated
through its N- and C-termini. To reduce the complexity, we
made a construct containing only the six transmembrane
segments and expressed this construct using a CF system. In
this context we used the hERG-containing biomimetic platform
to probe its interaction with drugs. Herein, we describe the
details for the preparation, characterization via immunoblot-
ting, Surface Plasmon Enhanced Fluorescence Spectroscopy
(SPFS), Imaging Surface Plasmon Resonance (iSPR) and Fluo-
rescence Polarization (FP) and possible application of the
biomimetic membrane platform for drug screening.
Materials and methods
Materials

1-Myristoyl-2-hydroxy-sn-glycero-3-phospho-(10-rac-glycerol) (LMPG)
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)
2008 | Analyst, 2013, 138, 2007–2012
were purchased from Avanti Polar Lipids (USA). Brij S20
(homolog of Brij78), a-laminin peptide (P19), Astemizole,
E4031, haloperidol and thioridazine were purchased from
Sigma Aldrich (Germany). N-Hydroxysuccinimide (NHS),
L-a-phosphatidylcholine from soybean (PC) and N-(3-dimethy-
laminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) were
purchased from Fluka (Germany). Dulbecco's phosphate buff-
ered saline 1�, pH 7.4 (PBS) was purchased from GIBCO/Invi-
trogen. All reagents were used without further purication.

Escherichia coli T7 S30 Extract system for Circular DNA was
purchased from Promega. BCA Protein Assay Kit was obtained
from Pierce Thermo Scientic (USA). All Western blot reagents
and the Predictor hERG Fluorescence Polarization Assay Kit
were obtained from Invitrogen. Penta$His Ab (BSA-free) mouse
monoclonal IgG 1�Ab and Penta$His Alexa Fluor 647 conjugated
1�Ab were purchased from Qiagen.

Cloning and strain information

The cDNA encoding the six transmembrane segments (TMD)
containing residues 403 to 666 of hERG was cloned into the
NdeI and XhoI sites of pET16b. The insertion was conrmed
by DNA sequencing. A 6� histidine tag was cloned at the
N-terminus of TMD to aid protein purication and detection by
Western blot analysis. We still refer to TMD as the hERG
channel in the following text.

Cell-free expression of hERG ion channel

E. coli T7 S30 Extract system for Circular DNA was used for CF
expression of target protein according to the previously
described protocol.28 Proteins were produced in either a teth-
ered bilayer lipid membrane (tBLM) platform or detergent
solution. Self-assembly of the tethered bilayer lipid membrane
(tBLM) platform was performed step by step as described
previously.28,29 The CF mixture containing plasmid DNA was
added to the tBLM system upon lipid membrane formation.
Detergents were supplied during the CF reaction in varied
concentrations: 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(10-
rac-glycerol) and BrijS20 from 0.01 to 0.5%. Protein concentra-
tions were determined using BCA Protein Assay Kit.

Western blot analysis

CF-expressed proteins were separated on SDS-PAGE gel aer
mixing the protein samples with SDS sample buffer containing
reducing agent. Proteins were transferred to PVDF membranes
and further treatment was carried out using Western Breeze
Chemiluminescent Kit (Invitrogen). Anti-His primary antibody,
Penta$His Ab (BSA-free) mouse monoclonal IgG 1�Ab was used
for recognition of the target protein. Blots were visualized under
LAS 3000 Imaging System (Fuji) using a chemiluminescence
detection method.

Detection of hERG expression and integration via SPFS and
iSPR

CF expression of the hERG TMD was performed directly on the
surface of the freshly prepared tBLM platform according to a
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3an36159d


Fig. 2 Expression of hERG using CF system. (a) hERG channel expressed by using
vesicular PC lipid membrane platforms: lane 1, negative control (no DNA); lane 2,
CF-expressed hERG without lipid membrane addition; lane 3, with lipid
membrane addition (10%); lane 4, with lipid membrane addition (20%); lane 5,
XP MagicMark�. (b) hERG channel expressed in presence of LMPG: lane 1, XP
MagicMark�; lanes 2–5, CF-expressed hERG by addition of LMPG in corre-
sponding concentrations: 0.01%, 0.1%, 0.2% and 0.5%. (c) hERG channel
expressed in the presence of BrijS20: lane 1, XP MagicMark�; lanes 2–5, cell-free
expressed hERG by addition of BrijS20 in corresponding concentrations: 0.01%,
0.1%, 0.2% and 0.5%.
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previously reported protocol.28 The CF expression reaction was
carried out by adding plasmid DNA to the T7 S30 extract
according to themanual of the expression kit (Promega) and the
reaction mixture was kept at 37 �C for 2 h. All reactions were
carried out step by step in the ow-cell of the SPR setup. Prior to
completion of the CF reaction, the biomimetic membrane
platform containing hERG TMD was treated with 0.5% blocking
solution (Roche) to prevent non-specic binding of antibodies.
Furthermore, uorescence labeling of CF-expressed hERG was
performed by applying Penta$His Alexa Fluor 647 conjugated
1�Ab for SPFS measurements. PBS buffer was used to rinse the
samples between each step.
Fig. 3 (a) Real-time fluorescence kinetic curve for Alexa Fluor 647 conjugated 1�A
membrane platform, (+) CF reaction mixture without DNA (negative control, and (B

This journal is ª The Royal Society of Chemistry 2013
For the SPFS measurements the SPR setup made in-house
(MPIP-Mainz) and a 50 ml ow cell with Kretschmann congu-
ration was used. A Nanolm-EP3 (Accurion, Göttingen,
Germany) setup with a BK7 ow-cell and prism in Kretschmann
conguration was used for iSPR measurements. Data were
collected from at least three independent measurements with
baseline subtraction.
Drug binding analysis

Drug binding was determined using a Predictor hERG Fluo-
rescence Polarization Assay Kit. Drug binding assay was carried
out as explained in the assay protocol using astemizole, E4031,
haloperidol or thioridazine as an inhibitor. For drug binding
assay free-standing PC bilayers in vesicular conguration
(50 nm) were used to ease the applicability and measurement.
Vesicular membranes were added to the CF expression mixture
(1 : 10 ratio) prior to synthesis. CF lysate was loaded onto an
illustra NAP-10 column (GE Healthcare) to separate CF-
expressed hERG from CF mixture. Amicon Ultra concentration
lters (Millipore) were used to concentrate the nal protein
sample. The concentrated hERG sample was used for drug
binding analysis immediately.

Dose responses and IC50 values were calculated from three
independent measurements. Data were analyzed and dose
response curves were tted using Origin Pro8.0 soware in
DoseResp tting mode.
Results and discussion
Optimization of CF expression conditions

Previous studies indicated that detergents or lipid were neces-
sary for the folding of a membrane protein in a CF system.
Although detergent micelles have been successfully appointed
to MP synthesis in CF systems, different proteins may prefer
different detergents due to the nature of a target protein and
possible inhibition of protein synthesis by the presence of the
detergents. A lipid membrane system is a promising ‘nature-
like’ system because of its close structure to the cell membrane
and minor effect on the CF system. A comparative study was
carried out by using both a detergent system and lipid
b binding. (b) SPFS signal for (C) CF expression of hERG channel in biomimetic
) angular scan curve.

Analyst, 2013, 138, 2007–2012 | 2009
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Fig. 4 iSPR characterization for CF expression of the hERG channel in the biomimetic membrane platform; thickness map of tBLM (a) in the absence of hERG, (b) in the
presence of hERG and (c) height profile of layers (red: tBLM; blue: hERG).
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membrane platform to obtain effective expression conditions.
To evaluate the effect of different systems on the yield of the
hERG channel, CF expression mixtures containing varied
concentrations of PC, LMPG and BrijS20 (Fig. 2a–c, respectively)
were analyzed by Wstern blot analysis.

Prominent bands of hERG were detected at 24 kDa in the
presence of PC, LMPG and BrijS20. The highest amount of
hERG was obtained with 20% of PC lipid membrane addition.
As judged by Western blot analysis, an increasing amount of
PC lipid membrane resulted in an increased amount of hERG
expression (Fig. 2a). This result indicates that PC lipid did not
inhibit the protein synthesis and, moreover, the presence of
the lipid membrane eases the folding of the hERG channel in
the system. Without the addition of the membrane there is a
slight expression product (Fig. 2a, lane 2), which may arise
from the fact that the folding of hERG into the membrane
patches exists in the CF extract. These samples were further
analyzed for quantication and the ndings were supported
by the BCA method (see ESI, Table S1†). The highest yield
of hERG with 169.3 mg ml�1 was obtained in the presence of
20% PC.

Addition of LMPG to the CF reaction mixture did not
produce detectable expression bands when its concentration
was above the critical micelle concentration (CMC) (Fig. 2b,
lanes 3–5), while hERG expression was only observed at CMC
(lane 2). With addition of BrijS20, increased concentrations of
detergent resulted in decreased amount of hERG expression
(Fig. 2c, lane 2–5). These results indicated that the lipid
membrane platform provides a suitable environment for CF
Fig. 5 (a) Fluorescence polarization measurement mechanism, (b) dose response cu
(C) E4031, (:) haloperidol and (;) thioridazine screening.

2010 | Analyst, 2013, 138, 2007–2012
expression and insertion of hERG, while an increased amount
of detergent disrupted the expression process.
SPFS and iSPR measurements

A tBLM system, consisting of P19/DMPE/PC, was assembled on
a gold surface for CF expression and insertion of hERG. The
articial membrane system provided not only a nature-like
environment for expression and protein folding but also a more
robust platform for the study of surface-sensitive techniques.
Hence, utilization of the tBLM approach eases the character-
ization of hERG expression and its folding in the membrane via
SPFS and iSPR methods. Fig. 3b shows the SPFS signal observed
for hERG obtained from CF expression. Upon expression of
hERG directly in the tBLM, blocking solution and Penta$His
Alexa Fluor 647 conjugated 1�Ab were allowed to ow over the
surface with the hERG channel. Real-time uorescence kinetics
of Alexa Fluor 647 conjugated 1�Ab binding were monitored
(Fig. 3a) and the SPFS scan was performed aer PBS rinsing to
remove the excess uorophore molecule. In order to demon-
strate the reliability of the measurement, the same experiment
was conducted as a negative control. The magnitude of the
uorescence signal is 9 � 104 for the CF-expressed hERG
sample, which was signicantly higher than that of the control
experiment which exhibited as a low signal as the baseline. The
positive signal originating from the interaction of the hERG ion
channel with Alexa Fluor 647 conjugated 1�Ab indicates that
expression and insertion of the target protein to the membrane
is successful (Fig. 3b).
rves and corresponding fitting curves of cell-free-expressed hERG: (-) astemizole,

This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3an36159d


Table 1 IC50 values for different drugs measured using biomimetic membrane
platform containing the hERG channel

Compound IC50/nM Z0

E-4031 95 0.88
Astemizole 180 0.91
Haloperidol 420 0.90
Thioridazine 2160 0.94
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Complementary iSPR measurements were performed to
further characterize tBLM and protein insertion. For this
purpose an array-type tBLMwas established to provide an optical
contrast and ease the visualization. Unlike the SPFS protocol,
P19 assembly was achieved by m-contact printing using 50 mm
featured PDMS stamps for the formation ofmembrane patterns.
Aer m-contact printing the remaining bare gold surface was
back-lled with a blocking agent 11-mercapto-1-undecanol to
provide a non-adhesive surface. The thickness maps of tBLM in
the absence andpresenceofhERGarepresented inFig. 4a and4b
respectively. The calculated thickness increase is 1.75 nm
(Fig. 4c) for the regions that consist of expressed and inserted
hERG. It is interesting to see such changes in the presence and
absence of the hERG channel. There are exible residues of the
hERG channel based upon the X-ray structure of the potassium
channel.30 These residues at the external part of hERG can be
�1.5 nm. Therefore, the increase in thicknessmay arise from the
insertion of hERG into the tBLM platform during CF expression.
hERG–drug interaction

Previous studies demonstrated that the sites for interaction
between hERG and drugs were located at the central cavity of
the channel.31 The construct made in this study was used for
probing hERG and drug interactions. Fluorescence polarization
(FP) assay was applied as described in the Materials and
methods section. The predictor hERG tracer red molecule was
used for assay development. Fig. 5a illustrates the detection
strategy of drug binding assay which is based onmonitoring the
change in uorescence polarization of the tracer molecule.

Upon CF expression of hERG in the biomimetic membrane
platform, subsequent tests were performed to check the appli-
cability of the drug binding assay. For this purpose, four well-
known hERG channel blockers with a wide range of affinities
were tested: astemizole, E-4031, haloperidol and thioridazine. A
series of dose response curves (Fig. 5b) were obtained in the
presence of the CF-expressed hERG channel, tracer red and
corresponding drugs. The detection limit was optimized by
inspecting varied concentrations of the drug molecules from
nM to mM. As explained previously,26 non-hERG binding
signals were corrected via an E-4031 titration method, and
hereby the dose response curves' minima and maxima values
were xed by saturating with 30 mM E-4031.

The obtained IC50 values are given in Table 1 with Z0 > 0.88
within 2–3 h and they are comparable with reported values.26 The
anomaly observed for astemizole screening can be attributed to
its ability to displacewith the tracer only at high concentrations.26

Although dose response curves were right-shied compared to
This journal is ª The Royal Society of Chemistry 2013
previously published values,21,32–35 the evaluated IC50 values fall
within the acceptable range. This shiing may arise from using
the TMD of hERG in this study. Nevertheless, this assay does not
supply detailed information concerning the interaction of
blockers with hERG or the nature and kinetics of the binding.36 It
offers a versatile methodology and robust assay platform to
investigate the drug binding ability of hERG for pharmacological
tests. Overall it was shown that the fabricated biomimetic
membrane platform containing hERG from the CF expression
systemcouldbeutilized to test the interactionbetweenhERGand
its blockers over a wide range of concentrations.
Conclusions

In conclusion, an articial lipid membrane platform was con-
structed to mimic the cell-membrane for CF expression of the
hERG channel. hERG in the articial membrane showed molec-
ular interactionwith drugs. Our results show that the biomimetic
membrane platform is a promising alternative approach to the
reconstitution method by improving the stability of the
membrane proteins and their applicability for sensing assays.
The proposed method integrates the advantages of a robust
platformsystemwith theCF expression processwhich eliminates
tedious expression and purication steps. This strategy offers a
robust and rapid system for high-throughput analysis of hERG–
drug interactions. Furthermore, it enables the development of
pharmacological facilities to test drug–protein interactions and
can be also extended to other membrane proteins.
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