
 

 
 

 

 
Membranes 2023, 13, 854. https://doi.org/10.3390/membranes13110854 www.mdpi.com/journal/membranes 

Article 

Assembly of Cell-Free Synthesized Ion Channel Molecules in 

Artificial Lipid Bilayer Observed by Atomic Force Microscopy 

Melvin Wei Shern Goh 1, Yuzuru Tozawa 2 and Ryugo Tero 1,* 

1 Department of Applied Chemistry and Life Science, Toyohashi University of Technology,  

Toyohashi 441-8580, Japan 
2 Graduate School of Science and Engineering, Saitama University, Saitama 338-8570, Japan;  

tozawa@mail.saitama-u.ac.jp 

* Correspondence: tero@tut.jp 

Abstract: Artificial lipid bilayer systems, such as vesicles, black membranes, and supported lipid 

bilayers (SLBs), are valuable platforms for studying ion channels at the molecular level. The recon-

stitution of the ion channels in an active form is a crucial process in studies using artificial lipid 

bilayer systems. In this study, we investigated the assembly of the human ether-a-go-go-related gene 

(hERG) channel prepared in a cell-free synthesis system. AFM topographies revealed the presence 

of protrusions with a uniform size in the entire SLB that was prepared with the proteoliposomes 

(PLs) incorporating the cell-free-synthesized hERG channel. We attributed the protrusions to hERG 

channel monomers, taking into consideration the AFM tip size, and identified assembled structures 

of the monomer that exhibited dimeric, trimeric, and tetrameric-like arrangements. We observed 

molecular images of the functional hERG channel reconstituted in a lipid bilayer membrane using 

AFM and quantitatively evaluated the association state of the cell-free synthesized hERG channel. 

Keywords: supported lipid bilayer; cell-free expression; ion channel; hERG; kv11.1; atomic force  

microscopy 

 

1. Introduction 

Cell membranes are highly complex matrices composed of a vast array of macromol-

ecules, in particular, a wide range of lipids and membrane proteins [1,2]. The transporta-

tion of ions, signals, and energy into and out of cells is conducted through membrane 

proteins, and the two-dimensional organization of membrane proteins and lipids plays 

an essential role in these reactions [3–6]. Ion channels are membrane proteins that regulate 

ion fluxes across the cell membranes for neuronal signal transduction, control of osmotic 

pressure, and the generation of action potential (AP). Malfunction of ion channels is asso-

ciated with various diseases, and thus, they are regarded as an important subject in the 

fields of medicine and drug discovery [7–9]. In multimeric ion channels, the assembly of 

homologous structural units results in a small pore at the central axis, serving as an ion-

conducting passage. Artificial lipid bilayer systems, such as vesicles, black membranes, 

and supported lipid bilayers (SLBs), are valuable platforms for the study of ion channels 

at the molecular level [10,11]. 

The human ether-a-go-go-related gene (hERG) channel [12–16] is a voltage-dependent 

potassium (Kv) channel encoded by KCNH2. It is primarily found in neurons and cardiac 

cells, and its function is well understood in the heart. The hERG channel is responsible for 

mediating the rapid delayed rectifier K+ current, which makes a major contribution to the 

repolarization phase of cardiac AP. During the repolarization phase, the hERG channel 

quickly reopens and recovers from the inactivated state, facilitating AP termination, and 

maintains the QT interval on the electrocardiogram. Unintended side effects on the hERG 

channel due to off-target toxicity of clinical drugs causes serious cardiac arrhythmia [13–

Citation: Goh, M.W.S.; Tozawa, Y.; 

Tero, R. Assembly of Cell-Free  

Synthesized Ion Channel Molecules 

in Artificial Lipid Bilayer Observed 

by Atomic Force Microscopy.  

Membranes 2023, 13, 854. https:// 

doi.org/10.3390/membranes13110854 

Academic Editor: Shiro Suetsugu 

Received: 16 August 2023 

Revised: 20 October 2023 

Accepted: 23 October 2023 

Published: 25 October 2023 

 

Copyright: © 2023 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Membranes 2023, 13, 854 2 of 12 
 

 

15]. Therefore, structural observation of the hERG channel is crucially important for expe-

diting the drug discovery process by shedding light on the underlying inhibition mecha-

nism caused by a wide variety of chemically diverse drugs [17]. Recently, the high-reso-

lution structure of the pore domain of the hERG channel was revealed at a resolution of 

3.8 Å using cryo-electron microscopy [18]. Wang and Mackinnon constructed a truncated 

hERG channel with two segments being deleted (141-350 and 871-1005) to prevent molec-

ular aggregation and increase molecular stability [18]. The truncated construct contains 

814 amino acid residues, while a full-length hERG channel contains 1159 amino acid resi-

dues. 

Recent advances in cell-free synthesis technology have stimulated profound interest 

in the field of membrane protein research using artificial cell membrane systems [19–22]. 

Cell-free synthesis systems enable the direct in vitro production of pure target proteins 

with the full length of amino acid residues derived from a protein-encoding plasmid, 

without the need for cell culturing and protein purification. These systems are based on 

various sources, including cell extracts such as those from E. coli and wheat-germ [23,24], 

as well as recombinant proteins [25]. Initially, the method is developed for water-soluble 

proteins and subsequently is applied to membrane proteins [19–22]. By conducting cell-

free synthesis of membrane proteins in the presence of artificial lipid bilayers, e.g., lipid 

vesicles (also referred to as liposomes) and nanodiscs, under appropriate conditions, the 

proteins are reconstituted into the lipid bilayer during the synthesis process and obtained 

as proteoliposomes (PLs). The next critical phase involves the development of experi-

mental methods to investigate whether the cell-free synthesized membrane proteins con-

sistently reproduce their structures and functions in native membranes. This step is essen-

tial for validating the utility of the cell-free synthesized proteins in artificial biomembrane 

systems. 

Recently, Tadaki et al. successfully recorded the activities of the cell-free-synthesized 

full-length hERG channel by the free-standing bilayer lipid membrane (BLM) method us-

ing a microfabricated silicon chip with a nanotapered aperture [26]. The ternary BLM con-

sisting of egg-derived phosphatidylcholine (PC), egg-derived phosphatidylethanolamine 

(PE), and cholesterol (Chol) in the study is capable of retaining the activity of various ion 

channels [27–29]. The PL incorporating the hERG channel was prepared using a wheat 

germ cell-free translation system by expressing the hERG channel in the presence of 

PC+PE+Chol vesicles. The single-channel current of the hERG channel appeared after the 

addition of the hERG-expressed PL to the BLM and was inhibited with astemizole, which 

is a representative inhibitor for the hERG channel [26]. Recent studies on ternary 

PC+PE+Chol-SLBs revealed that the fusion of PLs is promoted by microdomains existing 

in the PC+PE+Chol bilayer [30,31], and that the microdomains are rich in polyunsaturated 

lipids [32,33]. 

In this study, our aim is to observe the molecular structure and association states of 

the hERG channel in the bilayer membrane by atomic force microscopy (AFM) using the 

SLB system [34–37]. Even though the single-channel current measurement of the cell-free 

synthesized hERG channel was achieved [26], the throughput of the channel recording is 

still a subject for improvement [28,38]. The cell-free synthesis system provides full-length 

hERG channel monomers with high purity, but the efficiency in assembling these mono-

mers into the functional tetrameric state remains unknown. AFM is a powerful technique 

that enables the observation of membrane proteins at a single-molecule level [39–43]. A 

methodology for evaluating the association states of cell-free synthesized membrane pro-

teins is valuable for improving the efficiency of cell-free synthesis and the reconstitution 

of membrane proteins in artificial lipid membrane systems such as the BLM and SLB. 

2. Materials and Methods 

The phospholipid reagent L-α-phosphatidylcholine (from egg) (PC) and L-α-phos-

phatidylethanolamine (transphosphatidylated (egg)) (PE) were purchased from Avanti 

Polar Lipids (Alabaster, AL, USA). 1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
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s-indacene-3-undecanoyl)-sn-glycero-3-phosphocholine (Bis-Bodipy-FL-PC, Ex/Em: 

500/510 nm) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). These 

phospholipid agents were used as received, without further purification. Chol was pur-

chased from Wako Pure Chemicals (Osaka, Japan), and recrystallized three times from 

methanol prior to use. The chloroform solutions of PC, PE, and Chol were mixed at a ratio 

of PC:PE:Chol = 7:1:2 (w/w) (molar ratio of 0.58:0.09:0.33) in a clean glass vial. The mixed 

solution was dried using a stream of nitrogen, and the dried lipid film was sonicated in a 

buffer solution (120 mM KCl and 10 mM HEPES/KOH (pH 7.2)) for an hour to prepare 

unilamellar vesicles. The PC+PE+Chol vesicles were freshly prepared immediately prior 

to use.  

The preparation of PLs incorporating the hERG channel followed the cell-free syn-

thesis system that was previously described [26]. In brief, the recombinant hERG channel 

protein (UniProt/SWISS-PROT accession no. Q12809), encoded in the human genome, was 

produced using a wheat germ cell-free translation system in the presence of the 

PC+PE+Chol vesicles. Afterward, the mixtures were centrifuged at 15,000× g for 15 min at 

4 °C. The precipitate in the pellet contained the hERG channel–liposome complex and was 

suspended in a buffer solution (100 mM potassium acetate and 30 mM HEPES/KOH [pH 

7.8]), with the same volume as the translation reaction mixture. This suspension under-

went another centrifugation at 15,000× g for 15 min at 4 °C, and the resulting precipitate 

was collected separately. This process was repeated twice, and the final precipitate was 

resuspended in the buffer solution and stored at −80 °C until used. For analysis, we exam-

ined 1/100 of the volume from each fraction using sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE). Following SDS-PAGE, the gel underwent Coomassie 

Brilliant Blue (CBB) staining. Translational integration of the hERG channel monomer (127 

kDa) into lipid vesicles was confirmed by the band detected in the precipitate fraction 

(Figure 1a) [44]. The band of the hERG channel did not appear when the PC+PE+Chol-

vesicle was treated in the same way with the cell-free translation system that did not in-

clude mRNA (Figure 1b). 

. 

Figure 1. (a) hERG channel synthesized using a wheat germ cell-free translation system in the pres-

ence of PC+PE+Chol-vesicle, separated by SDS-PAGE and stained with CBB. The red arrowhead 

indicates the band of the hERG channel. (b) PC+PE+Chol-vesicle treated with the wheat germ cell-

free translation system without mRNA. sup: supernatant, ppt: precipitate. 

SLBs were prepared using the vesicle fusion method with PL, following a similar 

procedure as for PC+PE+Chol-SLB in previous studies [30–32]. The suspension of PL was 

extruded through a polycarbonate filter with 800 nm pores to prevent the adsorption of 

aggregated PLs. A freshly cleaved piece of muscovite mica was incubated in the suspen-

sion at 37 °C for 2 h. The suspension was exchanged with the PL-free buffer solution 15 

times to remove excess PLs. For fluorescence observation, 5 µL of an ethanol solution of 
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Bis-Bodipy-FL-PC (0.4 M) was added to the 400 µL of the buffer solution in the SLB sample 

cell. The SLB was incubated at 25 °C for 1 h in the presence of Bis-Bodipy-FL-PC, followed 

by washing with the buffer solution 15 times. 

AFM and fluorescence observations of SLBs were performed in the buffer solution at 

25 °C following the conditions outlined in previous studies [31,32]. AFM topographies 

were obtained with PicoPlus 5500 (Keysight Technologies, Inc., Santa Rosa, CA, USA, for-

merly Molecular Imaging, Corp.), in acoustic AC mode (intermittent contact mode). A 

Si3N4 cantilever with a spring constant of 0.1 N/m and a tip curvature radius of 8 nm (BL-

AC40TS-C2, Olympus, Tokyo, Japan) was used. The area and height of oligomers in the 

AFM topographies were obtained using particle analysis of Scanning Probe Image Pro-

cessor software v.6.7.9 (SPIP, Image Metrology A/S, Hørsholm, Denmark). The averaged 

image of hERG channel molecules in the AFM topographies was processed using Image J 

software (NIH, http://imagej.nih.gov/ij/, accessed on 31 July 2023). Observations of fluo-

rescence microscopy and fluorescence recovery after photobleaching (FRAP) were con-

ducted with an epifluorescence microscope (BX51WI, Olympus, Tokyo, Japan), equipped 

with a 100× water-immersion lens (LUMPlan FL 100×, NA = 1.00, Olympus) and the mirror 

unit U-MWB2 (Ex: 460–490 nm, Em > 520 nm, Olympus). Fluorescence images of Bis-Bod-

ipy-FL-PC were recorded with a CMOS camera (DS-Qi2, Nikon, Tokyo, Japan).  

3. Results and Discussion 

A single-layered SLB is formed on a mica substrate using PC+PE+Chol-vesicle with 

the same components as in this study [30–32]. The SLB made from the PC+PE+Chol-vesi-

cle, including a dye-labeled lipid, exhibits uniform fluorescence intensity, and the unrup-

tured PC+PE+Chol-vesicles are observed as bright spots in a fluorescence image (Figure 

S1a in Supporting Information). We first investigated the formation of the SLB using PL 

that contains the hERG channel in the PC+PE+Chol-vesicle. In the cell-free synthesis sys-

tem, the hERG channel was expressed in PC+PE+Chol-vesicle without a fluorescence 

probe. Therefore, the fluorescence image of the SLB made from the PL was observed after 

the incorporation of Bis-Bodipy-FL-PC. Figure 2a shows a fluorescence image of the mica 

substrate after being incubated in the hERG-expressed PL suspension and stained with 

Bis-Bodipy-FL-PC. Uniform fluorescence intensity covered the entire surface of the sub-

strate, accompanied by several bright spots. They correspond to the SLB and unruptured 

PLs, respectively, as seen in the fluorescence image of the PC+PE+Chol-SLB (Figure S1a in 

Supporting Information) [30–32]. Figure 2b,c shows the process of FRAP. Upon partial 

SLB photobleaching of the SLB (Figure 2b), the fluorescence intensity of the photobleached 

region recovered over time (Figure 2c), indicating the lateral diffusion of the dye mole-

cules in SLB. These results reveal that a fluid and continuous full-coverage SLB was 

formed from PL that contains the hERG channel molecules. 

 

Figure 2. (a) A fluorescence image of the mica substrate after incubation in the PL suspension, fol-

lowed by staining with Bis-Bodipy-FL-PC. (b,c) The FRAP process obtained at the same position as 

(a): (b) 0 s and (c) 300 s after the photobleaching. Images are presented in grayscale to facilitate 

visualization. Scale bars = 50 µm. 
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The SLB prepared from the hERG-expressed PL was observed with AFM to investi-

gate the hERG channel molecules and their association states in the bilayer (Figure 3). Two 

distinct regions with different heights were observed in the AFM topography (Figure 3a). 

This result is consistent with the previous studies [30,32], indicating phase separation in 

the PC+PE+Chol-SLB to the Lo-like region, mainly comprising PC and Chol, and the Ld-

like region, which is rich in polyunsaturated PE [33]. The Lo-like region is thicker than the 

Ld-like region because of the ordering effect of Chol, and thus appears higher in AFM 

topography [33]. In the Ld-like region, protrusions were observed (indicated by white ar-

rows in Figure 3a) with a uniform height of approximately 3 nm, as shown in the histo-

gram in Figure 3b. These protrusions did not exist in the SLB prepared from the 

PC+PE+Chol-vesicle without the hERG channel (Figure S1b in Supporting Information), 

consistent with the AFM topographies of the PC+PE+Chol-SLB in the previous studies 

[30,32]. Protrusions higher than 10 nm and with various lateral sizes were also present 

(Figure 3a, indicated by black arrows). They are attributed to unruptured PLs adsorbed 

on the substrate or SLB surface [45,46]. The majority of the SLB was occupied with the Ld-

like region. The Lo-like domains were smaller than 1 µm, making them indistinguishable 

in the fluorescence image (Figure 2). The lipid composition of the SLB prepared from the 

hERG-expressed PL is not determined from the fluorescence image and AFM topography, 

but it is possibly different from that of the PC+PE+Chol-vesicle.  

 

Figure 3. (a) An AFM topography (1.0 × 1.0 µm2) of the SLB prepared from PL using the same pro-

tocol as that of Figure 2 but without staining, along with a cross-section profile at the white line. 

Representative protrusions existing mainly in the Ld-like and Lo-like regions are indicated with the 

white and black arrows, respectively. (b) Histogram of the height of the protrusions existing in the 

Ld-like region. The red curve represents the result of the Gaussian fitting. 

The PC+PE+Chol-SLB exhibits a flat surface (Figure S1b in Supporting Information) 

[30,32], and the protrusions indicated by the white arrows in Figure 3a were observed 

after the expression of the hERG channel (Figure 1a). The protrusions in the Ld-like region 

are assigned to the outer membrane region of the hERG channel. During the cell-free syn-

thesis of membrane proteins in the presence of vesicles, the proteins are synthesized out-

side of the vesicles and reconstituted into the lipid bilayer. Consequently, the intracellular 

part of the membrane proteins faces the outside of the vesicle. The large outer membrane 

region of the hERG channel on the intracellular side, which includes the proximal N-ter-

minus and distal C-terminus, exists outside the vesicles and prevents flip-flop once the 

hERG channel is reconstituted in the lipid bilayer. The unimodal distribution of the hERG 

channel height in the AFM topography (Figure 3b) indicates that the orientation of the 

hERG channel in the SLB is uniform. The height value in Figure 3 is reasonably close to 
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the size of the outer membrane region of the hERG channel on the extracellular side [18]. 

The extracellular side of the hERG channel faces upward in the SLB, assuming an inside-

up configuration in the SLB formed through adsorption, rupture, and spread of PLs on 

the substrate surface. Membrane proteins solubilized from cell membranes as micelles 

take a random orientation after reconstitution into a lipid bilayer using the detergent re-

moval method [47]. The aligned orientation of membrane proteins in PL is an advantage 

of the cell-free synthesis system. 

Figure 4a shows molecular images of the hERG channels in the Ld-like region of the 

PC+PE+Chol-SLB. A magnified image in Figure 4b reveals a representative single-blob 

structure, indicating the single subunit of the membrane-embedded hERG channel mole-

cule. The hERG channel monomers are distinguished from the unruptured vesicles (Fig-

ure 4a, indicated by black arrows) based on their height and width as shown in Figure 3. 

Figure 4c,d reveals the association of two and four protrusions, respectively, with a similar 

height to that of the isolated protrusion (Figure 4b). These topographic images are at-

tributed to dimers and tetramers of the hERG channel molecules, respectively. Figure 4e 

shows the averaged image obtained from eight individual tetrameric protrusions. The 

AFM topographies visualize each oligomeric state of the hERG channel molecules, includ-

ing monomers, dimers, and tetramers. We also observed instances of three blobs linking 

together, but they did not always have a triangular state. It is worth noting that the hERG 

channel molecules did not exhibit diffusion within the SLB, consistent with the behavior 

observed in prior studies of membrane proteins embedded in SLBs [40–43]. The oligo-

meric states present in PLs were captured within the SLB. 

 

Figure 4. (a) An AFM topography (1.0 × 1.0 µm2) of the PC+PE+Chol-SLB including the hERG chan-

nel molecules showing their association states Unruptured PLs are indicated with the black arrows 

as those in Figure 3a. Magnified images (50 × 50 nm2) at (b–d) show representative (b) monomer, (c) 

dimer, and (d) tetramer structures. (e) An averaged image obtained from the AFM topographies of 

eight tetrameric hERG channel molecules. 

We evaluated the area of the hERG channel oligomers in the AFM topography, taking 

into consideration the tip size of the cantilever. The area of the hERG channel monomers, 

dimers, and tetramers obtained from the AFM topography was 190 ± 5, 285 ± 11, and 470 

± 39 nm2, respectively (Table 1). In AFM topographies, the lateral size of objects was over-

estimated because of the shape of the cantilever tip (Figure 5) [48]. The curvature radius 

of the tip in this study is 8 nm, as provided by the supplier (BL-AC40TS-C2, Olympus). 

We assumed the outer membrane region of the hERG channel to be a hemisphere with a 
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radius of 3 nm based on the height in Figure 3b. The tip made contact with the hERG 

channel at the distance (r in Figure 5a) of 7.55 nm. Figure 5b shows the trace of the tip 

scanning a hERG channel monomer, resulting in an apparent diameter of 15.1 nm. The 

trace of the tip on a dimer and a tetramer (Figure 5c) provides their apparent width of 21.1 

nm. The apparent areas of the hERG channel monomer (Figure 5d), dimer (Figure 5e), and 

tetramer (Figure 5f) were 180, 270, and 400 nm, respectively, and correspond well to the 

experimentally obtained area values (Table 1). The results support the hERG channel mon-

omer forms specific association states in the SLB.  

 

Figure 5. Schematics illustrating the effect of tip size on apparent lateral size in AFM topographies. 

(a) The cantilever tip (curvature radius = 8 nm) in contact with a 3 nm high hERG channel monomer 

assumed to be a hemisphere at a distance r. (b,c) Traces of the tip scanning (b) a monomer and (c) a 

dimmer or a tetramer. (d–f) Apparent areas of (d) a monomer, (e) a dimer, and (f) a tetramer includ-

ing the effect of the tip size. 

Table 1. Average area values of the hERG channel oligomers obtained from the AFM topographies, 

along with the calculated values accounting for the size of the cantilever tip, as shown in Figure 5. 

 Monomer Dimer Tetramer 

Average area (nm2) 190 ± 5 285 ± 11 470 ± 39 

Calculated value (nm2) 180 270 400 

As the association states of the hERG channel monomers are evaluated using the 

AFM molecular images, we also quantitatively assessed the efficiency of the oligomer for-

mation. The number of the oligomers is summarized in Table S1 in Supporting Infor-

mation. The percentage abundance decreases with the oligomeric order of the hERG chan-

nel, with monomers at 70%, dimers at 24%, trimers at 4%, and tetramers at 2% (N = 173). 

This result indicates that the hERG channels synthesized in the cell-free translation system 

predominantly exist as monomers and dimers. However, the tetrameric state is essential 

for the function of the hERG channel in forming the pore. A recent study demonstrated 

the channel activity of hERG channels expressed using the same cell-free synthesis system 

as in the present study [26]. Therefore, at least a portion of the hERG channel tetramers 

observed in the AFM topography retain channel functionality, but more than 98% of the 

expressed hERG channel molecules exist in inactive states.  

Then, we performed experiments aimed at promoting the tetrameric assembly of the 

hERG channel molecules. A specific protein family, known as J-domain-containing 
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proteins (J-proteins) serves as co-chaperones for heat shock protein 70 (HSP70), function-

ing to enhance protein folding and prevent aggregation of client proteins. Proper protein 

folding can facilitate the assembly of channel subunits into stable complexes. Recent re-

search has indicated that DNAJB12 and DNAJB14, which are both types of J-proteins, play 

roles in stabilizing hERG channel subunits and promoting their tetrameric assembly [49]. 

Therefore, to facilitate the tetrameric assembly of the hERG channel, we cloned and ex-

pressed human DNAJB12 in liposomes reconstituted with the hERG channel.  

We examined the effect of coexpression of DNAJB12 and its expression level on the 

oligomerization of the cell-free synthesized hERG channel monomer. The hERG channel 

and DNAJB12 were expressed at ratios of 30:1 and 30:5 in the presence of the PC+PE+Chol-

vesicle to prepare PLs, and SLBs were prepared using the PLs. The percentage of existing 

hERG channel monomers in the forms of monomers, dimers, trimers, and tetramers is 

shown in Figure 6, with numerical values listed in Table 2. The existing ratio of the mon-

omer decreased with the coexpression ratio of DNAJB12, while the ratio of oligomers in-

creased. More dimers and trimers, corresponding to fewer monomers, appeared with the 

higher expression ratio of DNAJB12. The significant increase in the dimer percentage com-

pared to that of tetramer suggests that DNAJB12 promoted the assembly of the hERG 

channel by facilitating its initial dimerization step. However, the coexpression of 

DNAJB12 did not significantly affect the existing ratio of the tetramer. It has been reported 

that knockdown of both DNAJB12 and DNAJB14 in human neuroblastoma SH-SY5Y cells 

significantly reduces the expression level and the channel current activity of the hERG 

channel, while knockdown of one of them has a partial effect [49]. DNAJB14 possibly play 

a role in the assembly processes from the dimer to the tetramer, and additional 

coexpression of DNAJB14 may enhance the efficiency of the tetrameric assembly in this 

study. Future research is needed to elucidate the mechanism of the tetrameric assembly 

of hERG channel molecules. 

 

Figure 6. Existing percentage of hERG channel monomers in the forms of monomers, dimers, tri-

mers, and tetramers and their dependence on the ratio of coexpressed DNAJB12. The coexpression 

ratios for hREG:DNAJB12 were 30:0 (white bars), 30:1 (gray bars), and 30:5 (black bars). Numerical 

values are summarized in Table 2. 
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Table 2. Existing percentage of the hERG channel monomers in the forms of monomers, dimers, 

trimers, and tetramers in the absence and presence of coexpressed DNAJB12. 

Expression Ratio (hERG:DNAJB12) Monomer Dimer Trimer Tetramer 

30:0 * 70 24 4 2 

30:1 62 28 7 3 

30:5 43 40 14 3 

* Without DNAJB12. 

There are several challenges that need to be addressed to enhance the throughput of 

ion channel studies using artificial lipid bilayer systems. These challenges include the 

stability of the lipid bilayer, the reconstitution probability of the ion channel, and the 

efficiency of the ion channel expression [28,38,47,50]. Recently, Hirano-Iwata and 

colleagues developed a microfabricated silicon chip with a nanotapered aperture and a 

liquid chamber designed to apply centrifugal force for BLM experiments [26,28]. The 

nanotapered aperture enhances the robustness of the free-standing bilayers, while the 

centrifugal force accelerates the frequency of PL fusion into the BLM. PLs obtained from 

membrane crude extracts of Chinese hamster ovary (CHO) cell lines expressing the hERG 

channel achieve a success rate of 67% in the channel current recording [28]. In contrast, 

the hERG-expressed PL prepared with the cell-free synthesis system resulted in a success 

rate of 31% [26]. Success in the channel current recording implies that at least one active 

hERG channel tetramer in the hERG-expressed PLs is reconstituted to the BLM, 

accompanied by an abundance of inactive monomers and dimers. Enhancing 

oligomerization within the cell-free synthesis system is instrumental in improving the 

throughput of channel current recordings. The structural observations of hERG channel 

molecules in this study offer an analytical method for assessing oligomerization states at 

the molecular level, making it a valuable resource for future drug design efforts aimed at 

preventing drug-induced side effects on the hERG channel. 

4. Conclusions 

In this study, we investigated the association states of the cell-free synthesized hERG 

channel monomer using AFM. Molecular images of the hERG channel in the SLB allowed 

for a quantitative analysis of the oligomerization efficiency of the hERG channel mono-

mers. The PL incorporating the full-length hERG channel with high purity was obtained 

after the cell-free synthesis of the hERG channel in the presence of PC+PE+Chol-vesicle. 

The SLB was prepared from the PL, and its AFM topographies showed protrusions with 

uniform height, indicating the aligned orientation of the hERG channel in the PLs and 

SLBs. These hERG channel monomers existed as either isolated states or specific associ-

ated states assigned to dimers and tetramers. The methods employed in this study are 

valuable for assessing and enhancing the expression efficiency of membrane proteins in 

their “active” form. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/membranes13110854/s1, Figure S1: the morphology of the 

SLB made from PC+PE+Chol-vesicles without the hERG channel; Table S1: Number of the hERG 

channel oligomers. 

Author Contributions: Conceptualization, Y.T. and R.T.; methodology, Y.T. and R.T.; validation, 

M.W.S.G. and R.T.; formal analysis, M.W.S.G.; investigation, M.W.S.G., Y.T., and R.T.; writing—

original draft preparation, M.W.S.G.; writing—review and editing, R.T.; visualization, M.W.S.G. 

and R.T.; supervision, R.T.; project administration, R.T.; funding acquisition, R.T. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research was funded by JSPS KAKENHI, grant number JP20H02690, and JST-CREST, 

grant number JPMJCR14F3. 

Institutional Review Board Statement: Not applicable. 



Membranes 2023, 13, 854 10 of 12 
 

 

Data Availability Statement: Not applicable. 

Acknowledgments: We acknowledge support from the Cooperation Research Project of the Re-

search Institute of Electrical Communication (RIEC), Tohoku University, and the Electronics-In-

spired Interdisciplinary Research Institute (EIIRIS) Project of Toyohashi University of Technology. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Spira, F.; Mueller, N.S.; Beck, G.; von Olshausen, P.; Beig, J.; Wedlich-Söldner, R. Patchwork organization of the yeast plasma 

membrane into numerous coexisting domains. Nat. Cell Biol. 2012, 14, 640–648. https://doi.org/10.1038/ncb2487. 

2. Veatch, S.L.; Rogers, N.; Decker, A.; Shelby, S.A. The plasma membrane as an adaptable fluid mosaic. Biochim. Biophys. Acta 

Biomembr. 2023, 1865, 184114. https://doi.org/10.1016/j.bbamem.2022.184114. 

3. Lin, Q.; London, E. Altering hydrophobic sequence lengths shows that hydrophobic mismatch controls affinity for ordered lipid 

domains (rafts) in the multitransmembrane strand protein perfringolysin O. J. Biol. Chem. 2013, 288, 1340–1352. 

https://doi.org/10.1074/jbc.M112.415596. 

4. Lingwood, D.; Simons, K. Lipid Rafts As a Membrane-Organizing Principle. Science 2010, 327, 46–50. 

https://doi.org/10.1126/science.1174621. 

5. Hakobyan, D.; Heuer, A. Key Molecular Requirements for Raft Formation in Lipid/Cholesterol Membranes. PLoS ONE 2014, 9, 

e87369. https://doi.org/10.1371/journal.pone.0087369. 

6. Verkleij, A.J.; Post, J.A. Membrane phospholipid asymmetry and signal transduction. J. Membr. Biol. 2000, 178, 1–10. 

https://doi.org/10.1007/s002320010009. 

7. Overington, J.P.; Al-Lazikani, B.; Hopkins, A.L. How many drug targets are there? Nat. Rev. Drug Discov. 2006, 5, 993–996. 

https://doi.org/10.1038/nrd2199. 

8. DiMasi, J.A.; Grabowski, H.G.; Hansen, R.W. Innovation in the pharmaceutical industry: New estimates of R&D costs. J. Health 

Econ. 2016, 47, 20–33. https://doi.org/10.1016/j.jhealeco.2016.01.012. 

9. Segall, M.D.; Barber, C. Addressing toxicity risk when designing and selecting compounds in early drug discovery. Drug Discov. 

Today 2014, 19, 688–693. https://doi.org/10.1016/j.drudis.2014.01.006. 

10. Sofińska, K.; Lupa, D.; Chachaj-Brekiesz, A.; Czaja, M.; Kobierski, J.; Seweryn, S.; Skirlińska-Nosek, K.; Szymonski, M.; Wilkosz, 

N.; Wnętrzak, A.; et al. Revealing local molecular distribution, orientation, phase separation, and formation of domains in 

artificial lipid layers: Towards comprehensive characterization of biological membranes. Adv. Colloid Interface Sci. 2022, 301, 

102614. https://doi.org/10.1016/j.cis.2022.102614. 

11. Hirano-Iwata, A.; Niwano, M.; Sugawara, M. The design of molecular sensing interfaces with lipid-bilayer assemblies. TrAC 

Trends Anal. Chem. 2008, 27, 512–520. https://doi.org/10.1016/j.trac.2008.04.006. 

12. Trudeau, M.C.; Warmke, J.W.; Ganetzky, B.; Robertson, G.A. HERG, a Human Inward Rectifier in the Voltage-Gated Potassium 

Channel Family. Science 1995, 269, 92–95. https://doi.org/10.1126/science.7604285. 

13. Danker, T.; Möller, C. Early identification of hERG liability in drug discovery programs by automated patch clamp. Front. 

Pharmacol. 2014, 5, 203. https://doi.org/10.3389/FPHAR.2014.00203/BIBTEX. 

14. Vandenberg, J.I.; Perry, M.D.; Perrin, M.J.; Mann, S.A.; Ke, Y.; Hill, A.P. hERG K(+) channels: Structure, function, and clinical 

significance. Physiol. Rev. 2012, 92, 1393–1478. https://doi.org/10.1152/physrev.00036.2011. 

15. Sanguinetti, M.C.; Tristani-Firouzi, M. hERG potassium channels and cardiac arrhythmia. Nature 2006, 440, 463–469. 

https://doi.org/10.1038/nature04710. 

16. Warmke, J.W.; Ganetzky, B.; Hamilton, B.; Meyerowitz, E. A family of potassium channel genes related to eag in Drosophila 

and mammals. Proc. Natl. Acad. Sci. USA 1994, 91, 3438–3442. https://doi.org/10.1073/PNAS.91.8.3438. 

17. Stevens, J.L.; Baker, T.K. The future of drug safety testing: Expanding the view and narrowing the focus. Drug Discov. Today 

2009, 14, 162–167. https://doi.org/10.1016/j.drudis.2008.11.009. 

18. Wang, W.; MacKinnon, R. Cryo-EM Structure of the Open Human Ether-à-go-go-Related K+Channel hERG. Cell 2017, 169, 422–

430.e10. https://doi.org/10.1016/j.cell.2017.03.048. 

19. Manzer, Z.A.; Selivanovitch, E.; Ostwalt, A.R.; Daniel, S. Membrane protein synthesis: No cells required. Trends Biochem. Sci. 

2023, 48, 642–654. https://doi.org/10.1016/j.tibs.2023.03.006. 

20. Gregorio, N.E.; Levine, M.Z.; Oza, J.P. A user’s guide to cell-free protein synthesis. Methods Protoc. 2019, 2, 1–34. 

https://doi.org/10.3390/mps2010024. 

21. Bernhard, F.; Tozawa, Y. Cell-free expression-making a mark. Curr. Opin. Struct. Biol. 2013, 23, 374–380. 

https://doi.org/10.1016/j.sbi.2013.03.012. 

22. Kuruma, Y.; Ueda, T. The PURE system for the cell-free synthesis of membrane proteins. Nat. Protoc. 2015, 10, 1328–1344. 

https://doi.org/10.1038/nprot.2015.082. 

23. Kim, D.M.; Swartz, J.R. Efficient Production of a Bioactive, Multiple Disulfide-Bonded Protein Using Modified Extracts of 

Escherichia coli. Biotechnol. Bioeng. 2004, 85, 122–129. https://doi.org/10.1002/bit.10865. 



Membranes 2023, 13, 854 11 of 12 
 

 

24. Madin, K.; Sawasaki, T.; Ogasawara, T.; Endo, Y. A highly efficient and robust cell-free protein synthesis system prepared from 

wheat embryos: Plants apparently contain a suicide system directed at ribosomes. Proc. Natl. Acad. Sci. USA 2000, 97, 559–564. 

https://doi.org/10.1073/pnas.97.2.559. 

25. Shimizu, Y.; Inoue, A.; Tomari, Y.; Suzuki, T.; Yokogawa, T.; Nishikawa, K.; Ueda, T. Cell-free translation reconstituted with 

purified components. Nat. Biotechnol. 2001, 19, 751–755. https://doi.org/10.1038/90802. 

26. Tadaki, D.; Yamaura, D.; Araki, S.; Yoshida, M.; Arata, K.; Ohori, T.; Ishibashi, K.; Kato, M.; Ma, T.; Miyata, R.; et al. Mechanically 

stable solvent-free lipid bilayers in nano- and micro-tapered apertures for reconstitution of cell-free synthesized hERG channels. 

Sci. Rep. 2017, 7, 17736. https://doi.org/10.1038/s41598-017-17905-x. 

27. Komiya, M.; Kato, M.; Tadaki, D.; Ma, T.; Yamamoto, H.; Tero, R.; Tozawa, Y.; Niwano, M.; Hirano-Iwata, A. Advances in 

Artificial Cell Membrane Systems as a Platform for Reconstituting Ion Channels. Chem. Rec. 2020, 20, 730–742. 

https://doi.org/10.1002/tcr.201900094. 

28. Hirano-Iwata, A.; Ishinari, Y.; Yoshida, M.; Araki, S.; Tadaki, D.; Miyata, R.; Ishibashi, K.; Yamamoto, H.; Kimura, Y.; Niwano, 

M. Reconstitution of Human Ion Channels into Solvent-free Lipid Bilayers Enhanced by Centrifugal Forces. Biophys. J. 2016, 110, 

2207–2215. https://doi.org/10.1016/j.bpj.2016.04.010. 

29. Oshima, A.; Hirano-Iwata, A.; Mozumi, H.; Ishinari, Y.; Kimura, Y.; Niwano, M. Reconstitution of human ether-a-go-go-related 

gene channels in microfabricated silicon chips. Anal. Chem. 2013, 85, 4363–4369. https://doi.org/10.1021/ac303484k. 

30. Tero, R.; Fukumoto, K.; Motegi, T.; Yoshida, M.; Niwano, M.; Hirano-Iwata, A. Formation of Cell Membrane Component 

Domains in Artificial Lipid Bilayer. Sci. Rep. 2017, 7, 17905. https://doi.org/10.1038/s41598-017-18242-9. 

31. Goh, M.W.S.; Hirano-Iwata, A.; Niwano, M.; Tero, R. Proteoliposome fusion to artificial lipid bilayer promoted by domains of 

polyunsaturated phosphatidylethanolamine. Jpn. J. Appl. Phys. 2019, 58, SIIB13. https://doi.org/10.7567/1347-4065/ab1397. 

32. Goh, M.W.S.; Tero, R. Cholesterol-induced microdomain formation in lipid bilayer membranes consisting of completely 

miscible lipids. Biochim. Biophys. Acta Biomembr. 2021, 1863, 183626. https://doi.org/10.1016/j.bbamem.2021.183626. 

33. Goh, M.W.S.; Tero, R. Non-raft submicron domain formation in cholesterol-containing lipid bilayers induced by 

polyunsaturated phosphatidylethanolamine. Colloids Surf. B Biointerfaces 2022, 210, 112235. 

https://doi.org/10.1016/j.colsurfb.2021.112235. 

34. Castellana, E.T.; Cremer, P.S. Solid supported lipid bilayers: From biophysical studies to sensor design. Surf. Sci. Rep. 2006, 61, 

429–444. https://doi.org/10.1016/j.surfrep.2006.06.001. 

35. Richter, R.P.; Bérat, R.; Brisson, A.R. Formation of Solid-Supported Lipid Bilayers: An Integrated View. Langmuir 2006, 22, 3497–

3505. https://doi.org/10.1021/la052687c. 

36. Katsaras, J.; Kučerka, N.; Nieh, M.-P. Structure from substrate supported lipid bilayers (Review). Biointerphases 2008, 3, FB55–

FB63. https://doi.org/10.1116/1.2992133. 

37. Morigaki, K.; Tanimoto, Y. Evolution and development of model membranes for physicochemical and functional studies of the 

membrane lateral heterogeneity. Biochim. Biophys. Acta Biomembr. 2018, 1860, 2012–2017. 

https://doi.org/10.1016/j.bbamem.2018.03.010. 

38. Miyata, R.; Tadaki, D.; Yamaura, D.; Araki, S.; Sato, M.; Komiya, M.; Ma, T.; Yamamoto, H.; Niwano, M.; Hirano-Iwata, A. 

Parallel Recordings of Transmembrane hERG Channel Currents Based on Solvent-Free Lipid Bilayer Microarray. Micromachines 

2021, 12, 98. https://doi.org/10.3390/mi12010098. 

39. Uchihashi, T.; Ganser, C. Recent advances in bioimaging with high-speed atomic force microscopy. Biophys. Rev. 2020, 12, 363–

369. https://doi.org/10.1007/s12551-020-00670-z. 

40. Fotiadis, D. Atomic force microscopy for the study of membrane proteins. Curr. Opin. Biotechnol. 2012, 23, 510–515. 

https://doi.org/10.1016/j.copbio.2011.11.032. 

41. Sumino, A.; Yamamoto, D.; Iwamoto, M.; Dewa, T.; Oiki, S. Gating-Associated Clustering–Dispersion Dynamics of the KcsA 

Potassium Channel in a Lipid Membrane. J. Phys. Chem. Lett. 2014, 5, 578–584. https://doi.org/10.1021/jz402491t. 

42. Ido, S.; Kobayashi, K.; Oyabu, N.; Hirata, Y.; Matsushige, K.; Yamada, H. Structured Water Molecules on Membrane Proteins 

Resolved by Atomic Force Microscopy. Nano Lett. 2022, 22, 2391–2397. https://doi.org/10.1021/acs.nanolett.2c00029. 

43. Shinozaki, Y.; Sumitomo, K.; Furukawa, K.; Miyashita, H.; Tamba, Y.; Kasai, N.; Nakashima, H.; Torimitsu, K. Visualization of 

Single Membrane Protein Structure in Stretched Lipid Bilayer Suspended over Nanowells. Appl. Phys. Express 2010, 3, 027002. 

https://doi.org/10.1143/APEX.3.027002. 

44. Suzuki, K.; Inoue, H.; Matsuoka, S.; Tero, R.; Hirano-Iwata, A.; Tozawa, Y. Establishment of a cell-free translation system from 

rice callus extracts. Biosci. Biotechnol. Biochem. 2020, 84, 2028–2036. https://doi.org/10.1080/09168451.2020.1779024. 

45. Leonenko, Z.; Carnini, A.; Cramb, D. Supported planar bilayer formation by vesicle fusion: The interaction of phospholipid 

vesicles with surfaces and the effect of gramicidin on bilayer properties using atomic force microscopy. Biochim. Biophys. Acta 

Biomembr. 2000, 1509, 131–147. https://doi.org/10.1016/S0005-2736(00)00288-1. 

46. Attwood, S.J.; Choi, Y.; Leonenko, Z. Preparation of DOPC and DPPC supported planar lipid bilayers for atomic force 

microscopy and atomic force spectroscopy. Int. J. Mol. Sci. 2013, 14, 3514–3539. https://doi.org/10.3390/ijms14023514. 

47. Thoma, J.; Burmann, B.M. Fake It ‘Till You Make It—The Pursuit of Suitable Membrane Mimetics for Membrane Protein 

Biophysics. Int. J. Mol. Sci. 2021, 22, 50. https://doi.org/10.3390/ijms22010050. 

48. Fukui, K.; Sugiyama, S.; Iwasawa, Y. Atomic force microscopic study on thermal and UV-irradiative formation and control of 

Au nano-particles on TiO2(110) from Au(PPh3)(NO3). Phys. Chem. Chem. Phys. 2001, 3, 3871–3877. 

https://doi.org/10.1039/b103232c. 



Membranes 2023, 13, 854 12 of 12 
 

 

49. Li, K.; Jiang, Q.; Bai, X.; Yang, Y.-F.; Ruan, M.-Y.; Cai, S.-Q. Tetrameric Assembly of K+ Channels Requires ER-Located 

Chaperone Proteins. Mol. Cell 2017, 65, 52–65. https://doi.org/10.1016/j.molcel.2016.10.027. 

50. Chanturiya, A.; Chernomordik, L.V.; Zimmerberg, J. Flickering fusion pores comparable with initial exocytotic pores occur in 

protein-free phospholipid bilayers. Proc. Natl. Acad. Sci. USA 1997, 94, 14423–14428. https://doi.org/10.1073/pnas.94.26.14423. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


