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Methods and Approaches

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

In the past, structural and functional studies of voltage-
gated ion channels have provided profound insights 
into their function (Jiang et al., 2003; MacKinnon, 2003; 
Miller, 2003; Tombola et al., 2006, 2007; Long et al., 
2007; Bezanilla, 2008; Villalba-Galea et al., 2009a,b; 
Catterall and Yarov-Yarovoy, 2010; Tao et al., 2010; 
DeCaen et al., 2011; Payandeh et al., 2011, 2012;  
Vargas et al., 2011; Catterall, 2012; Jiang and Gonen, 
2012). Most of the past studies assumed that the lipids 
around voltage-gated ion channels act as a solvent for 
their hydrophobic transmembrane domains, whereas 
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the proteinaceous parts are solely responsible for voltage- 
dependent function. Recent studies, however, recognize 
that lipids play critically important roles in the con-
trolled opening or closing (gating) of these ion chan-
nels (Ramu et al., 2006; Schmidt et al., 2006; Schmidt 
and MacKinnon, 2008; Xu et al., 2008; Zheng et al., 
2011; Jiang and Gonen, 2012; Brohawn et al., 2014; Hite 
et al., 2014). Compelling evidence from these studies 
suggests that lipids surrounding a voltage-gated potas-
sium (Kv) channel exert strong gating effects on the 
channels by directly affecting the energetics behind the 
conformational changes of the voltage-sensor domains. 
We observed that removal of the phosphate groups in the 
lipid bilayers around a Kv channel directly switches its 
voltage-sensor domains into the “DOWN” (also called the 
“resting” or “hyperpolarized”) conformation in the absence 
of any change in transmembrane electrostatic potential. 
We named this phenomenon the “lipid-dependent 
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Fused or giant vesicles, planar lipid bilayers, a droplet membrane system, and planar-supported membranes have 
been developed to incorporate membrane proteins for the electrical and biophysical analysis of such proteins or 
the bilayer properties. However, it remains difficult to incorporate membrane proteins, including ion channels, 
into reconstituted membrane systems that allow easy control of operational dimensions, incorporation orientation 
of the membrane proteins, and lipid composition of membranes. Here, using a newly developed chemical engi-
neering procedure, we report on a bead-supported unilamellar membrane (bSUM) system that allows good con-
trol over membrane dimension, protein orientation, and lipid composition. Our new system uses specific ligands 
to facilitate the unidirectional incorporation of membrane proteins into lipid bilayers. Cryo–electron microscopic 
imaging demonstrates the unilamellar nature of the bSUMs. Electrical recordings from voltage-gated ion channels 
in bSUMs of varying diameters demonstrate the versatility of the new system. Using KvAP as a model system, we 
show that compared with other in vitro membrane systems, the bSUMs have the following advantages: (a) a major 
fraction of channels are orientated in a controlled way; (b) the channels mediate the formation of the lipid bilayer; 
(c) there is one and only one bilayer membrane on each bead; (d) the lipid composition can be controlled and 
the bSUM size is also under experimental control over a range of 0.2–20 µm; (e) the channel activity can be re-
corded by patch clamp using a planar electrode; and (f) the voltage-clamp speed (0.2–0.5 ms) of the bSUM on a 
planar electrode is fast, making it suitable to study ion channels with fast gating kinetics. Our observations suggest 
that the chemically engineered bSUMs afford a novel platform for studying lipid–protein interactions in mem-
branes of varying lipid composition and may be useful for other applications, such as targeted delivery and single-
molecule imaging.
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78 A bead-supported unilamellar membrane system

To quantitatively study the lipid–protein interactions 
that dictate the lipid-dependent gating effects on volt-
age-gated ion channels, we would be helped by a mem-
brane system that allows for the finer manipulation of 
both the channel proteins and the lipids and is amena-
ble to electrical recordings of macroscopic currents and 
single-channel events. We tested some of the tools avail-
able for analyzing lipid–protein interaction in bilayers 
that mimic eukaryotic membranes and experienced  
significant difficulties in controlling protein incorpo-
ration direction and lipid composition. Also, direct 
recordings from cell membranes, fused vesicles made  
of multilamellar membranes, planar bilayer membranes, 
solid-supported membranes, (functional) tethered lipid 
bilayers, droplet bilayer membranes, etc., suffered from 
limitations because of the heterogeneity of the lipids, 
organic solvents in the membranes, poor efficiency in 
protein incorporation, limited control over the direc-
tionality of protein insertion, and/or insufficient con-
trol over membrane fusion (Cohen et al., 1984; Atanasov 
et al., 2005; Bayley et al., 2008; Schulz et al., 2009; Finol-
Urdaneta et al., 2010; Aimon et al., 2011; Iscla et al., 
2011). We therefore need a new system.

Previously, we found that introducing 5–10% (weight 
ratio) cholesterol into decane-based planar lipid mem-
branes (bilayer lipid membranes [BLMs]) made it fairly 
difficult to fuse channel-containing vesicles. We were 
not able to record channel activity well (Zheng et al., 
2011). Similarly, we experienced difficulty in intro-
ducing sphingolipids into solvent-based BLMs and 
found that 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) in decane forms a sticky gel-like phase 
over time, probably caused by trace amounts of water. 
Additionally, the solvent-based BLMs have a significant 
amount of solvent (decane or squalene, for example), 
which may alter the physicochemical properties of the 
bilayers, especially phase separation, interactions be-
tween neutral lipids (such as cholesterol), and the is-
lands of solvent molecules in membranes composed  
of composite lipids (Needham et al., 1988; Lee et al., 
2013). To overcome many of these technical limita-
tions, we developed a chemical procedure to generate a 
new bead-supported unilamellar membrane (bSUM) 
system. In this system, a high density of carboxylate 
groups was first introduced onto the surfaces of beads 
that vary from 0.2 to 20 µm in diameter. These reactive 
carboxylates allowed the covalent linkage of bioactive 
ligands (Llaguno et al., 2014). Interactions with the 
chemically immobilized ligands attracted a high density 
of membrane proteins to the bead surface. These pro-
teins were found to be able to support the reconstitu-
tion of a continuous bilayer around each bead. Such a 
membrane would allow the control of lipid composi-
tion and the predefined orientation of protein incorpo-
ration in membranes. It will enable us to quantitatively 

gating” effect (Schmidt et al., 2006; Zheng et al., 2011) to 
reflect the slower steady-state changes in the gating prop-
erty of a channel. These studies suggest that many of  
the lipid molecules in eukaryotic cell membranes, which 
lack phosphate groups in their headgroup regions, for 
example, cholesterol, may exert specific gating effects on 
voltage-gated ion channels using a similar mechanism.

Indeed, in eukaryotic cells, several mammalian volt-
age-gated ion channels have been reported to be local-
ized in cholesterol-enriched microdomains (Martens  
et al., 2004). Treating cells with chemical reagents to 
manipulate the cholesterol content of plasma mem-
branes resulted in significant changes in channel activ-
ity (Martens et al., 2000; Hajdú et al., 2003; Xia et al., 
2004, 2008; Tóth et al., 2009). The observed effects var-
ied from one channel to another and were found to be 
stimulatory by some and inhibitory by others, depend-
ing on the experimental conditions, the channels, and 
the cells. In certain cases, cholesterol was proposed to 
compete against PIP2 (or other phospholipids in a 
broader sense) for lipid-binding sites that are thought 
to be necessary for energetic coupling between the volt-
age-sensor domains and the pore domain (Chun et al., 
2010, 2013; Zaydman et al., 2013, 2014; Coyan et al., 
2014; Zaydman and Cui, 2014). How cholesterol or 
other lipids affect the voltage-gated ion channels and 
whether there is a unifying principle behind the lipid-
dependent gating effects remain poorly understood.

Taking a broader view, there has been very limited un-
derstanding of how other non-phospholipids, such as 
glycolipids, gangliosides, etc., can affect voltage-gated 
channels that happen to be in an environment enriched 
with these lipids. One of the reasons for the current 
limitations and complexity is that electrical recordings 
from cell-attached patches or whole-cell membranes 
are not sufficient to define a causal relationship be-
tween changes in lipid composition and alterations in 
channel function, as a result of the strong heterogene-
ity in terms of lipid composition and organization in 
eukaryotic cell membranes. At a more fundamental 
level, how different lipid molecules may alter the activ-
ity of specific voltage-gated ion channels remains poorly 
understood. On the other hand, the altered cellular 
content of specific lipids, such as gangliosides, choles-
terol, etc., was associated with changes in neuronal  
excitability and memory in animal models and tightly 
linked to neurological diseases, such as seizure, epi-
lepsy, neurodegenerative diseases, etc. (Saini et al., 
2004; Abi-Char et al., 2007; Guo et al., 2008; Wang and 
Schreurs, 2010; Pristerà et al., 2012). It is conceivable 
that a quantitative understanding of the gating effects 
exerted by various different non-phospholipids on volt-
age-gated ion channels would be important in revealing 
the molecular mechanisms responsible for these clini-
cal observations, as well as the physico-chemical princi-
ples underlying lipid–channel interaction.
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first hour, and these were replaced sequentially every hour with 
70, 50, and 30 mg of freshly cleaned Bio-Beads, respectively. This 
step-wise changing of the Bio-Beads was found to be critical in 
supporting bilayer formation around individual beads, probably 
because fast removal of detergents made it easy to form smaller 
vesicles, instead of continuous bilayers around individual beads. 
Excess lipid vesicles were washed away after reconstitution. To 
confirm that the reconstitution was successful, the reconstituted 
channels were extracted and examined via SDS-PAGE (Fig. S1).

Fluorescence microscopy of labeled bSUMs
KvAP channels on the surfaces of the beads (5 µm) were labeled 
with 0.10 mg/ml of variable fragment of the 33H1 antibody (Fv) 
that is labeled with Alexa Fluor 488 (Fv–Alexa Fluor 488) (Zheng 
et al., 2011) in a buffer containing 10 mM HEPES/KOH pH 7.4, 
200 mM KCl, and 1 mg/ml BSA; washed with the same buffer; 
and visualized in a fluorescence microscope (Axioplan 2E; Carl 
Zeiss). The Fv used here contained a single immunoglobulin do-
main that was derived from a monoclonal antibody specifically 
targeting the S3–S4 loop of the voltage-sensor domain in the 
KvAP channel when the voltage-sensor domain is in the activated 
(“UP”) conformation (Zheng et al., 2011). The highly specific Fv 
binding allows nearly absolute certainty in affirming the KvAP 
channels in bSUMs. To visualize the lipid bilayers on the surface 
of the bSUMs, the beads were incubated with 0.50 µg/ml FM1-43 
(Invitrogen) for 5 min on ice. FM1-43 fluoresces strongly when 
inserted into a hydrophobic membrane. After three washes with 
the buffer, the beads were sandwiched between a glass slide and 
a coverslip and examined under a fluorescence microscope (Carl 
Zeiss). The fluorescent images were captured using a mono-
chrome CCD camera (C-4742-95; Hamamatsu Photonics). Simi-
larly, fluorescently labeled charybdotoxin (CTX) was used to 
visualize the channels in the bSUMs (not depicted).

Cryo–electron microscopy (cryoEM) imaging of bSUMs
Because of the limited thickness of the vitrified ice in cryoEM 
specimens, we used silica beads of 0.20 µm in diameter to prepare 
KvAP-containing bSUMs using the same procedure described 
above. 4 µl of silica beads or bSUMs (0.10 mg/ml) in suspension 
were loaded onto glow-discharged copper grids that were coated 
with holey carbon films (Quantifoil grids; Structure Probe, Inc.). 
Inside a Mark III Vitrobot (FEI), the grids were blotted for 4 s, 
immediately plunged into liquid ethane, and stored in liquid 
nitrogen until EM examination. For cryoEM imaging, the grids 
were transferred into a transmission electron microscope (JEM 
2200FS; JEOL USA, Inc.) operated at 200 kV. Pictures were taken 
with an electron dose of 20 electrons per Å2 at defocus levels 
varying from 1.5 to 3.5 µm and digitized directly in a CCD 
camera (UltraScan 1000XP; Gatan, Inc.).

Gel-shift assay of single-cysteine KvAP mutants
The bSUMs made of KvAP cysteine mutants (5 µm) were reduced 
with 5 mM DTT at room temperature for 30 min, gently spun 
down at 1,000 g for 5 min at 4°C, and washed twice with a DTT-
free buffer (10 mM HEPES/KOH pH 7.4, 200 mM KCl) before 
being reacted with 0.50 mM MTS-PEG5K at room temperature 
for 30 min. The cysteine-specific reaction was stopped with 10 mM 
iodoacetamide. 20 mM DM and 300 mM imidazole were added to 
extract the KvAP protein before the protein was assayed via Coo-
massie blue–stained nonreducing SDS-PAGE.

Electrical recordings of ion channel activity in bSUMs using 
planar electrodes
A Port-a-Patch system using planar glass chips (electrodes) was 
purchased from Nanion Technologies. A tabletop vibration isola-
tion system (Warner Instruments) was used to support the record-
ing system inside a Faraday cage. Disposable glass chips, which 

define the effects of various natural lipid molecules in 
eukaryotic cell membranes on voltage-gated ion chan-
nels in a relatively homogeneous lipid environment.

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

Materials
Two groups of silica beads of 0.20 and 5–20 µm in diameter were 
purchased from Corpuscular Inc. and Bangs Laboratories, re-
spectively. 1-Ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hy-
drochloride (EDC) was procured from Thermo Fisher Scientific, 
N-hydroxysulfosuccinimide (Sulfo-NHS) was from ProteoChem, 
and N-(5-amino-1-carboxypentyl) iminodiacetic acid (AB-NTA) 
was from Dojindo. Methoxy-poly-(ethylene glycol)-5000 amido-
proprionyl methanethiosulfonate (MTS-PEG5K) was purchased 
from Toronto Research Chemicals, and carboxy-ethylsilane was 
from Gelest, Inc. Bio-Beads SM-2 was acquired from Bio-Rad Lab-
oratories. All detergents were purchased from Affymetrix, and 
lipids were from Avanti Polar Lipids, Inc. All other chemicals were 
from Research Product International Corp., Thermo Fisher Sci-
entific, or Sigma-Aldrich.

Surface engineering of silica beads
10 mg of silica beads was washed twice with 1 ml Milli-Q H2O (EMD 
Millipore) before being equilibrated and resuspended in 1 ml of 
0.10 M Na-phosphate buffer, pH 7.4. After the addition of 80 µl 
carboxy-ethylsilane, the bead suspension was rotated overnight at 
room temperature. The next day, the beads with carboxylates in-
troduced by oxidization were washed three times with Milli-Q 
H2O and three times with 1 ml of 0.10 M MES buffer, pH 5. Dur-
ing the three washing steps, the beads were spun out of the aque-
ous phase at 8,000 rpm for 2 min in a tabletop centrifuge. After 
the wash, they were incubated with 2 mg/ml EDC and 2 mg/ml 
Sulfo-NHS in 0.10 M MES buffer, pH 5, for 1 h at room tempera-
ture. After the EDC/NHS conjugation, they were washed three 
times with 1 ml of 0.10 M bicine buffer, pH 7.5, and then incu-
bated with 2 mg/ml AB-NTA in 0.10 M bicine buffer, pH 7.5, for 
2 h at room temperature. The surface reaction on the beads was 
subsequently quenched with 0.10 M glycine (or galactosamine) 
for 1 h at room temperature. Finally, the NTA-conjugated beads 
were washed with H2O, incubated with 0.10 M Ni2+ for 30 min at 
room temperature, and equilibrated with a desired buffer for fur-
ther experiments (Llaguno et al., 2014).

Biochemical preparation of KvAP and its reconstitution  
into bSUMs
Recombinant KvAP was expressed and purified by following a 
published procedure (Jiang et al., 2004). A hexa-histidine tag 
added to the C terminus of the channel was used to bind the 
channel protein to the chemically functionalized beads (Fig. S1).

For membrane reconstitution, 0.10 mg of His-tagged proteins 
was bound to the Ni-NTA groups on the surfaces of the 10-mg 
beads. After the removal of unbound protein, the beads were 
washed with 5 mM decylmaltoside (DM) buffer so that only the 
channels bound to the surfaces of the beads had the opportunity 
to interact with lipids. Next, the protein-bound beads (10 mg) 
were incubated with 1 ml of 5 mg/ml of lipid mixture made of 
1-palmitoyl-2-oleoyl-sn-3-glycero-phospho-ethanolamine (POPE)/
1-palmitoyl-2-oleoyl-sn-3-glycero-phospho-glycerol (POPG) at a 
weight ratio of 3:1 (PE/PG hereafter) or other lipids (DOPC, 
POPC, etc.). The lipids were fully solubilized in 10 mM HEPES, 
pH 7.4, 200 mM KCl, and 40 mM DM. After incubation overnight 
at 4°C, the detergents in the mixture were slowly removed via Bio-
Beads SM-2. The total weight of the Bio-Beads was 100 mg for the 
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squarely to the top of the hole. If no bead landed on the hole 
within a few minutes, we usually pipetted the solution in the top 
partition to agitate the beads or added more beads. If nothing 
happened after a few trials, we usually restarted the experiment 
with a fresh glass chip. A test pulse of 10 mV was used to monitor 
the seal resistance continuously during this process. As soon as 
the seal resistance went up by 5–10 MΩ, the solution in the top 
partition (20 µl in total; above the glass chip) was exchanged 
with small aliquots (5 µl) of the seal-enhancer solution (80 mM 
NaCl, 200 mM KCl, 10 mM MgCl2, 35 mM CaCl2, and 10 mM 
HEPES/NaOH, pH 7.4). After that, a gigaohm seal was usually 
formed within a few minutes. The buffer in the bottom parti-
tion, which is below the glass electrode and corresponds to the  
extravesicular side of the bSUMs or the extracellular side of 
KvAP channels anchored through their C-terminal His-tags, con-
tained 10 mM NaCl, 200 mM KCl, 60 mM KF, 20 mM EGTA, and 
10 mM HEPES/KOH, pH 7.4. After the stabilization of the sealed 
patch, the solution in the top partition was replaced with a buffer 
containing 80 mM NaCl, 200 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 
and 10 mM HEPES/NaOH, pH 7.4. Every 1–2 min, a test  
pulse from a holding potential of 80 mV to a test potential 
of 80 mV for 200 ms was delivered to examine the channel activ-
ity. Electrical recordings from bSUMs in the inside-out mode  
(Fig. 1 E) were performed as described previously (Zheng et al., 
2011). The currents were recorded with an amplifier (Axopatch 
200B; Molecular Devices), filtered at 2 kHz, and sampled at  
5 kHz. The analysis of the electrophysiological data was per-
formed with both Clampfit (Molecular Devices) and IGOR Pro 6 
(WaveMetrics).

Online supplemental material
We followed the KvAP protein that went through the steps  
of making bSUMs in Fig. S1, and compared the clamping speeds 
on bSUMs with that from BLMs in Fig. S2. In Fig. S3, we pre-
sented more details on the analysis of tail currents, which fol-
lowed the same procedure used to estimate reversal potential in 
Fig. 7 (C and D). The online supplemental material is available at 
http://www.jgp.org/cgi/content/full/jgp.201511448/DC1.

usually have a serial resistance of 1–10 MΩ and were purchased 
from Nanion Technologies, were pretreated by adding 1 µl of  
20 mg/ml of lipids in decane around the hole in a planar elec-
trode. Under reflected light, the small hole in the electrode could 
be spotted. Care was taken to spread the lipids in decane at least  
1 mm away from the tiny hole. The decane solution had the same 
lipid composition as the bSUMs, and after pretreatment, it was 
allowed to dry out completely. No bilayer was ever found to form 
across the hole in an electrode at this stage, which was confirmed 
by measuring the serial resistance of the electrode and by examin-
ing the holes under a microscope. To confirm that no materials 
obstructed the hole, we examined the glass electrodes under a 
phase-contrast microscope. The dried lipids on the glass could be 
recognized around the electrode hole. Even though it is not re-
quired for seal formation, the pretreatment was found to enhance 
the success rate of gigaohm seal.

After pretreatment, the glass chip was mounted into the Nan
ion Technologies recording system. The buffer in the top parti-
tion contained 80 mM NaCl, 200 mM KCl, 1 mM MgCl2, 2 mM 
CaCl2, and 10 mM HEPES/NaOH, pH 7.4, and that in the bot-
tom partition contained 10 mM NaCl, 200 mM KCl, 60 mM KF, 
20 mM EGTA, and 10 mM HEPES/NaOH, pH 7.4. In all cases, 
we used the same solutions unless otherwise specified. At the be-
ginning of each experiment, the electric potential difference be-
tween the two electrodes was balanced under zero-current 
conditions. Because we used solutions containing high concen-
trations of NaCl, KCl, or KF, the liquid junction potentials  
between the solutions on the two sides of the electrode were 
expected to be only a couple of millivolts and were neglected 
(Table 1). Premade bSUMs in suspension (10 mg/ml; 30 µg 
was added each time) were pipetted into the top partition of the 
glass chip just above the hole, which could be seen from the re-
flected light. Sometimes, a 20× dissecting stereomicroscope was 
used to help locate the hole in a mounted glass chip. If a bead 
happened to land on the hole because of gravity, the seal resis-
tance would go up. Because of the large number of beads 
(50,000) added into the top partition, which if densely packed 
next to one another, would cover an 3.5 × 3.5–mm2 surface 
area on the glass chip, it was often fairly easy to have one bead fall 

Figure 1.  Chemical principles behind 
the formation of bSUMs. (A) Surface 
functionalization through chemical oxi-
dization and bioconjugation. (B) Bind-
ing of transmembrane proteins via active 
ligands on the surface of the beads.  
(C) Reconstitution of a lipid bilayer 
around the anchored membrane pro-
teins on the beads. (D) Electrical re-
cordings from reconstituted channels 
in bSUMs by using a planar electrode, 
which would be equivalent to a cell-
attached patch. (E) After the formation 
of gigaohm seal on a planar electrode, 
the vesicle of a bSUM usually ruptures 
outside the sealed area and leads to the 
opening from the top partition to the in-
travesicular side of the bSUM, similar to 
an excised patch (inside-out mode).
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Our further experiments also found (see the experi-
ments showed in Fig. 6 B) that in practice, the mem-
brane above the sealed area usually ruptured, and the 
intracellular side of the patch became exposed to the 
top partition, which is equivalent to the configuration 
of an excised inside-out patch (Fig. 1 E).

Chemical engineering of the beads and the insertion  
of KvAP channels into bSUMs
We first tested the feasibility of chemical engineering 
on the surface of silica beads. Under a scanning elec-
tron microscope, the silica beads used in our experi-
ments showed fairly smooth surfaces and appeared 
almost perfectly spherical (Fig. 2 A). It was thus rea-
sonable to use them to support the formation of 
large-dimensional unilamellar membranes. After the 
introduction of surface carboxylate groups via oxidiza-
tion, we used the EDC/NHS reaction to convert the car-
boxyl groups into Sulfo-NHS esters (Fig. 2 B). The good 
leaving groups in the Sulfo-NHS esters make them very 
reactive to primary amine groups. The reactive beads 
were then incubated with AB-NTA. The primary amine 
of the latter was used to link the NTA to the bead sur-
face. The NTA groups on the beads were subsequently 
charged with Ni2+ (Fig. 2 B). Recombinant green fluo-
rescent protein (GFP) with a C-terminal His-tag (GFP-
His6) was prepared to biochemical purity and used 
to quantify the selective binding of the His-tags to the 

R E S U L T S

Scheme for reconstituting bSUMs
The main idea is to construct a bilayer system that al-
lows us to introduce various types of lipids often seen in 
eukaryotic membranes while at the same time enabling 
the proper reconstitution of target membrane proteins. 
As depicted in Fig. 1, the key requirements for the 
bSUM system include a high density of functional 
groups on the surface of a bead, which allows for the 
efficient and selective binding of transmembrane pro-
teins in detergents and the proper reconstitution of  
a bilayer. After the lipid/detergent solution is intro-
duced, Bio-Beads are added to remove the detergents. 
The slow removal of detergents allows enough time for 
lipids to fill the space between the surface-anchored 
membrane proteins, which are, on average, 30–50-nm 
apart (Fig. 1 C). The hydrophobic packing between 
lipid molecules around individual membrane proteins 
drives the reconstitution of a continuous lipid mem-
brane. Because the membrane proteins act as mem-
brane-organizing centers, their orientation is primarily 
determined by their radial attachment to the spherical 
beads. The hydrophobic interactions between proteins 
and lipids will promote the formation of a single lipid 
bilayer (unilamellar membrane). After the membranes 
form, the beads can be loaded onto a planar electrode and 
form a gigaohm seal for electrical recording (Fig. 1 D). 

Figure 2.  Functionalization of silica 
beads with Ni-NTA groups. (A) Scan-
ning electron microscopic (SEM) 
images of 10-µm micrometer beads. 
Bar, 5 µm. (B) Diagram of chemi-
cal functionalization on the surface 
of an oxidized silica bead. Only one 
carboxylate is drawn for simplicity. 
EDC/NHS was used to accelerate 
conjugation reaction and maximize 
reaction efficiency. (C) Fluorescent 
images of functionalized beads la-
beled with GFP-His6 proteins. Beads 
that were functionalized in the ab-
sence (left) or presence (right) of 
AB-NTA were compared. The latter 
showed significant labeling (right), 
suggesting a high density of Ni-
NTA groups on the surface. Bars, 
10 µm. (D) Estimation of the bind-
ing capacity of the surface Ni-NTA 
groups. A standard curve of fluores-
cence intensity was first prepared 
(dots and the continuous line). 0.10 
mg GFP-His6 was incubated for 2 h 
with 10 mg Ni-NTA silica beads in 

0.40 ml buffer containing 10 mM HEPES/KOH, pH 7.4, and 200 mM KCl. After the removal of unbound GFP-His6, the bound GFP-His6 
was eluted with 0.30 M imidazole, and its fluorescence intensity (the arrow) was measured and compared with the standard curve. 
The measured signal corresponded to 0.84 µg GFP-His6 for 10-mg beads, which is 19 trillion GFP molecules. Based on the manu-
facturer’s information, the total surface area of the 10-mg beads is 5.8 × 109 µm2. The estimated binding capacity of the Ni-NTA beads 
is 3,300/µm2.
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82 A bead-supported unilamellar membrane system

beads with PE/PG (3:1) in the detergents, the stepwise 
removal of the detergents using Bio-Beads was executed 
to reconstitute the bilayer membranes around the sur-
face-anchored channels.

Because the formation of continuous bilayers was crit-
ical to our intended electrical recordings of reconsti-
tuted channels, we developed two assays with which to 
examine the integrity of the bilayers and the proper re-
constitution of the channel proteins in them. In the 
prepared bSUMs, we demonstrated the presence of a 
membrane by using FM1-43, a fluorescent dye, which 
becomes brightly fluorescent when inserted into a hy-
drophobic environment (Fig. 3 A). Because the surfaces 
of our functionalized beads were hydrophilic, it was 
very unlikely that a monolayer would form and allow 
FM1-43 to fluoresce. The DIC images showed the loca-
tion of individual beads, and the FM1-43 fluorescence 
images highlighted a continuous layer of membranes 
around every bead that was preincubated with the KvAP 
protein (Fig. 3 A, bottom row). Because the fluores-
cence emission of FM1-43 is much stronger in a hydro-
phobic environment, such as a lipid bilayer in which the 
lipophilic tail of an FM1-43 is inserted into one leaflet 
of the membrane, than in a polar solvent (Gaffield  
et al., 2006), the fluorescence images in Fig. 3 A sug-
gested the presence of seemingly continuous lipid 
membranes on the surfaces of individual beads. On 
some bSUMs, there were tiny fluorescent puncta (Fig. 3 A, 
red arrow in the bottom right), which likely resulted 
from small vesicles (200 nm in diameter) attached to 
the bead-supported membranes. We found that washing 
the beads with a buffer containing a slightly lower con-
centration of salts (100 mM KCl) could help release 
most of these attached vesicles into the bulk solution 

Ni-NTA groups on the bead surface (Fig. 2 C, right). 
Without Ni-NTA treatment, the binding of GFP-His6 
on the beads was difficult to detect (Fig. 2 C, left). To 
quantify the amount of bound GFP-His6, a standard 
fluorescence intensity curve as a function of GFP-His6 
concentration was first prepared in the same buffer 
(Fig. 2 D, dots and the continuous line). 0.10 mg GFP-
His6 was incubated with 10 mg of Ni-NTA–presenting 
silica beads in 0.40 ml buffer containing 10 mM HEPES/
KOH, pH 7.4, and 200 mM KCl. After the incubation 
and removal of unbound GFP-His6, the bound GFP-His6 
on the beads was eluted with 0.40 ml buffer containing 
300 mM imidazole, and its fluorescence was measured 
(Fig. 2 D, arrow) and compared with the standard curve. 
The concentration of the eluted GFP-His6 was estimated 
by comparing its fluorescence intensity with a predeter-
mined standard curve. The total surface area of the 
10-mg beads was used to make a reasonable estimate of 
the surface-binding capacity of the beads, 3,300/µm2.

Next, we assessed whether it was possible to introduce 
membrane proteins and lipid molecules to the func-
tionalized beads and then slowly remove the detergents 
to drive the formation of lipid membranes on the sur-
faces of the beads. Because of its high stability in various 
detergents and lipids, KvAP, a Kv channel originally 
identified from a thermophilic archaebacterium, Aero-
pyrum pernix (Ruta et al., 2003), was introduced as a 
model system. Recombinant KvAP-His6 was expressed 
in bacteria and purified to biochemical homogeneity. 
To ensure the interaction between Ni-NTA and the 
hexa-histidine tags, 0.10 mM PMSF was always present 
in all reconstitution steps to minimize the potential 
proteolytic loss of His-tags from the C terminus of the 
recombinant protein. After mixing the protein-bound 

Figure 3.  Surface-anchored ion chan-
nels guide the formation of bSUMs. 
KvAP channels were used as a model sys-
tem to form bSUMs around silica beads. 
The bSUMs around the beads of 5 µm 
in diameter were stained with FM1-43 
(A) or with the KvAP-specific Fv–Alexa 
Fluor 488 (B). The fluorescence images 
(right) were shown side-by-side with the 
DIC images (left). Without KvAP, no 
fluorescence was seen around the beads 
(top rows). There was weak, nonspecific 
binding of FM1-43 to the beads. With 
KvAP, in bSUMs, there was uniform, cir-
cular staining around individual beads 
by FM1-43 and Fv–Alexa Fluor 488 (bot-
tom right in both A and B). The integra-
tion of the epifluorescence signal made 
the edge of a vesicle much brighter than 
its center. The red arrow in A points to a 
small puncta, which is better seen in the 
zoomed-in view underneath and is quite 
likely caused by the attachment of a small 
vesicle. Bars, 10 µm.
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than that in the middle of the images, giving rise to the 
hollow darkness in the center, similar to the epifluo
rescence images of individual giant unilamellar vesicles 
(GUVs; see Fig. 8 in Aimon et al., 2011).

These two lines of evidence support the idea that the 
KvAP channels on the surface of the beads drove the 
formation of lipid membranes. As expected, the guided 
binding of the intracellular sides of the channels to the 
beads caused a major fraction of channels to have their 
extracellular side facing the outside of the bSUMs. The 
membranes around individual beads were apparently 
even and continuous and appeared suitable for patch-
clamp recordings.

The unilamellar nature of the bSUMs
Our labeling of the membranes and the proteins with 
FM1-43 and Fv–Alexa Fluor 488, respectively, was suffi-
cient to demonstrate the presence of seemingly contin-
uous lipid membranes. Because of the limited resolution 
of fluorescence microscopy, we could not distinguish  
a continuous membrane from a collection of discon-
tinuous patches of lipid membranes or tiny unilamellar 
vesicles at the nanometer scale; nor were we able to sep-
arate one bilayer from a stack of multiple bilayers. To 
further characterize the shape and structural features of 
the bSUMs, we examined these supported membranes 
via cryoEM. Because of the limited penetration of the 
electron beam in ice (<500 nm), we applied the same 
surface chemistry and reconstitution procedures to 
form bSUMs around silica beads that were 200 nm in 

phase so that they would not interfere with the seal for-
mation on glass electrodes.

To test whether the KvAP channels in the bSUMs 
were reconstituted in the expected orientation from 
their surface anchorage through the intracellular His-
tags, we used fluorescently conjugated Fv–Alexa Fluor 
488 to label them from the outside of the bSUMs. This 
experiment does not exclude the possible incorpora-
tion of a small fraction of channels in the opposite ori-
entation (see next section). As described previously 
(Zheng et al., 2011), the Fv fragment recognizes the 
loop between the third (S3) and fourth (S4) transmem-
brane segments of the KvAP voltage-sensor domain 
when the latter is in the activated (UP) state at 0 mV. 
Alexa Fluor 488 was covalently linked to the Fv frag-
ment on a site (A61C of the heavy chain) that is diago-
nal from its epitope-binding site and thus does not 
interfere with epitope–Fv interaction. When the beads 
had no protein, the binding of Fv–Alexa Fluor 488 was 
nearly undetectable (Fig. 3 B, top row). In contrast, on 
the beads that were preincubated with the KvAP pro-
teins, the Fv–Alexa Fluor 488 binding gave rise to strong 
signals (Fig. 3 B, bottom row). Every bead had an even 
fluorescent ring around it. The relatively uniform fluo-
rescence signal around many beads suggested an even 
distribution of the KvAP channel protein on their sur-
faces, which was expected because of the randomly 
Poisson-distributed binding sites on the Ni-NTA beads. 
Also, the projection along the optical axis made the epi-
fluorescence signal at the edge of a bSUM stronger 

Figure 4.  Unilamellar nature of bSUMs revealed 
by cryoEM. Beads of 0.20 µm in diameter were 
used to prepare the specimens. A PE/PG lipid 
mixture was used for membrane reconstitution. 
Beads prepared in the absence (A and B) or  
presence (C and D) of KvAP protein were com-
pared under cryoEM. Multiple beads trapped 
close to the edge of a hole in a holey carbon–
coated Quantifoil grid are shown in each image 
(A vs. C). The black arrows in C point to mem-
branes around individual beads. B and D rep-
resent magnified views of the two areas marked 
with white squares in A and C, respectively. There 
is no clear membrane at the bead surface in B, 
but a characteristic bilayer structure (after con-
volution of the contrast transfer function of the 
EM) is seen in D. In D, the arrows mark the outer 
surface of the bSUM. The small black bracket, 
covering two dense bands and one light band, 
represents the thickness of the hydrophobic core 
of a typical bilayer, 3 nm.
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84 A bead-supported unilamellar membrane system

our case) are able to reconstitute a single continuous bi-
layer membrane around each bead. Although the 120-kD 
KvAP tetramers were still too small to be recognized 
under cryoEM, these images clearly showed that our 
new bSUM system is unilamellar.

Favored directional insertion of tetrameric channel 
proteins in bSUMs
Before constructing a suitable system with which to re-
cord voltage-dependent activity from the ion channels 
in bSUMs, we further examined the biochemical integ-
rity of the channel proteins in the bSUMs. We first con-
firmed that the KvAP channels in the bSUMs could be 
extracted with detergents and imidazole, via size-exclu-
sion chromatography run in the same place as the KvAP 
channels purified from bacteria (Fig. 5 A, red trace), 
and were detected as a single band in SDS-PAGE (Fig. 5 B). 
The peak width in the gel-filtration profile for the 
detergent-extracted channels from bSUMs was slightly 
broader than the KvAP directly purified from Escherichia 
coli, probably because of the lipids that resulted from 
the detergent extraction. These data suggested that the 
channel proteins in the bSUMs remained folded and 
properly assembled as tetramers.

Previously, Fv binding was used to detect the channels 
from the extravesicular side to confirm that the chan-
nels were oriented as we expected. However, an Fv-
binding assay does not guarantee 100% unidirectional 
orientation. To further test our prediction, we mea-
sured the accessibility of single cysteine mutants, L125C, 
in bSUMs. To examine cysteine accessibility, we used 
MTS-PEG5000 (MTS-PEG5K) to react with the sulfohy-
dryl (SH) groups within a 30-min period. When the 
cysteine is conjugated, the modified protein will be 
5 kD heavier than the control protein in SDS-PAGE 

diameter. These bSUMs were loaded onto Quantifoil 
holey grids and plunge-frozen in the same buffer so-
lution in which they were prepared. The samples 
were observed with nominal defocus levels of 2 to 
3 µm. Even though the surface curvature in these 
small bSUMs is higher than those around the beads 
with larger diameters, the fundamental lipid arrange-
ment character on the smaller beads should closely re-
flect that of the bSUMs on the surfaces of larger ones 
because the surface density of the anchored proteins 
and the reactive groups were the same, and the recon-
stitution process was dictated by the densely anchored 
membrane proteins.

Indeed, the cryoEM images showed a single bilayer 
(unilamellar) structure on the surface of each of those 
beads that were preincubated with the KvAP proteins 
(Fig. 4, C vs. A). Every bead had one and only one bi-
layer (Fig. 4 C, arrows) covering its surface continu-
ously. We were able to follow the bilayer structure on 
every bead in Fig. 4 C, meaning that the bilayer was 
smooth and continuous. Enlarged images of the mem-
branes on the beads showed two-electron–dense bands, 
with one light band between them (Fig. 4 D with Fig. 4 B 
as control), a typical bilayer structure after the convolu-
tion of the EM contrast transfer function, the same as 
previously seen in the cryoEM images of lipid vesicles 
(Jiang et al., 2001). The thickness of the hydrophobic 
core in the bilayer was estimated by measuring the dis-
tance from one dark band to the other in the projection 
image and was found to be 3 nm (Fig. 4 D), which is 
close to the average thickness of the hydrophobic core 
in a typical phospholipid bilayer containing 16–18 carbon 
acyl chains in each leaflet (Lewis and Engelman, 1983). 
These cryoEM images led us to the fairly firm conclu-
sion that anchored transmembrane proteins (KvAP in 

Figure 5.  Unidirectional in-
sertion of tetrameric Kv chan-
nels in bSUMs. (A) KvAP from 
bSUMs remains tetrameric. 
KvAP was extracted from the 
bSUMs by 40 mM DM, con-
centrated, and injected into 
a Superdex 200 size-exclusion 
column. The channels were 
eluted (red line) at the same 
position as those purified in 
detergents (black line). The 
slightly broader peak width 
could be caused by the lipids. 
(B) KvAP from the elution 
peak in A was collected and 
assayed via Coomassie blue–
stained reducing SDS-PAGE. 

The channel protein showed no detectable degradation. (C) Inaccessibility of KvAP L125C in the bSUMs made of PE/PG lipids. KvAP 
in bSUMs or extracted in 40 mM DM were treated with MTS-PEG5K before being assayed by Coomassie blue–stained nonreducing SDS-
PAGE. PEG5K conjugation shifted the channel band by 5 kD (arrow to the right side). The density ratio of the conjugated protein versus 
the unconjugated control (CTL) was plotted underneath the gel (bottom). The errors bars showed the range of variation from duplicate 
measurements. This experiment was repeated more than four times by different authors.
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side of a phospholipid membrane, which is similar to 
what was reported previously in the Shaker K channel 
(Yang et al., 2004). When the VSDs are in the DOWN 
conformation, L125C becomes accessible to the intra-
cellular side. As expected, L125C KvAP in bSUMs made 
of PE/PG was completely inaccessible to MTS-PEG5K  
in different conditions (Fig. 5 C, the second lane), sug-
gesting that L125C faced the intravesicular sides of the 
bSUMs and was shielded by the membrane from being 
chemically modified by the membrane-impermeable 
MTS reagents. To vary the bSUM transmembrane po-
tential, we performed the reactions in various potas-
sium concentrations outside (10, 150, and 1,000 mM) and 
were not able to conjugate the cysteine residues to a 
significant level. 1 M KCl outside would make the bSUM 
membrane depolarized (inside positive, 60 mV). 
Under such conditions, the channels with their intra-
cellular side facing outside (the opposite of what we 

(Fig. 5 C, black arrow; Zheng et al., 2011). As a positive 
control, we showed that the L125C KvAP in bSUMs 
treated with detergents was reactive, probably because 
of the mobility of the voltage-sensor domains in the de-
tergents (Fig. 5 C, rightmost lane), which also suggested 
that the L125C SH groups remained reactive after 
their reconstitution into bSUMs. Comparison of the  
integrated intensities for individual bands in the SDS-
PAGE gel (Fig. 5 C, bar graph) confirmed that 32% 
of the total L125C protein was modified in detergents 
within a short period of reaction time, but there was  
no significant modification of the L125C channels in 
the bSUMs.

Our previous studies showed that when the KvAP  
voltage-sensing domains are in the UP conformation 
(Zheng et al., 2011), the L125C in the S4 helix (just 
above the fourth arginine residue) is fully embedded in 
the membrane and therefore inaccessible from either 

Figure 6.  Electric recordings 
of tetrameric Kv channels in 
bSUMs. (A) Specific inhibi-
tion of the channel activity by 
Fv. After the formation of the 
gigaohm seal, test pulses from 
a holding potential of 80 to 
80 mV for 200 ms were deliv-
ered once every minute. The 
gigaohm seal was formed in 
the cell-attached mode. As a 
result of membrane disrup-
tion on the outside (see B 
and Fig. 1 E), recordings were 
made in the inside-out mode 
(black trace in the top panel). 
When 100 µg/ml Fv was per-
fused into the extracellular 
side of the channels for 2 min 
while the membrane was held  
at 0 mV (inset diagram to 
the bottom), the channel ac-
tivity was almost completely 
blocked (red trace). The bot-
tom panel displays the time-
dependent inhibition of KvAP  
activity via Fv. The black arrow 
points to the time of Fv ap-
plication. The arrows in the 
cartoon of the bottom show 
the solution flow (arrows) to 
and from the bottom droplet 
(blue line) right under the 

hole of the planar electrode in the perfusion system. The results represent typical experiments from many of our routine tests to confirm 
the identity of the recorded channels. (B) Breakdown of the bSUMs on the outer side (above the planar electrode) after the formation of 
the gigaohm seal avoids the space-clamp problem. After the recorded currents became stable (black trace in the top panel) for at least 
10 min, 0.10 mM Ba2+ was perfused into the top partition, and the currents were recorded 2 min later. The top panel shows two traces 
before and after Ba2+ addition (black and red traces, respectively). The bottom panel displays the time-dependent inhibition of KvAP activi-
ties by Ba2+. The black arrow indicates the time when Ba2+ was applied. These results are typical of four experiments. For these experiments, 
the solution in the top partition (the intravesicular side of the bSUMs and the intracellular side of the channels) contained 80 mM NaCl, 
200 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES/KOH, pH 7.4; the bottom partition (the extravesicular side of the bSUMs 
and the extracellular side of the channels) had 10 mM NaCl, 200 mM KCl, 60 mM KF, 20 mM EGTA, and 10 mM HEPES/KOH, pH 7.4.
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86 A bead-supported unilamellar membrane system

the pretreatment of the planar electrode surface with 
lipids in decane was found to enhance the efficiency of 
gigaohm seal formation. Because of the complete dry-
ing of decane before seal formation with the bSUMs, we 
expect that no decane will enter the patched mem-
branes. We found that the bSUMs could readily form 
tight seals with the planar electrodes (see details in Ma-
terials and methods), and electrical recordings from 
small patches (<1 µm) could achieve better temporal 
resolution than those from typical planar lipid bilayers 
(Fig. S2), whose high capacitance components were dif-
ficult to compensate for. When a patch was depolarized 
to 80 mV from a holding potential of 80 mV, the KvAP 
channels opened and conducted K+ ions in a voltage-
dependent fashion (Fig. 6, A and B, the control traces).
 Consistent with the observation that a majority of chan-
nels were favorably inserted in the outside-out orienta-
tion, no current was recorded when we switched the 
polarity of the test pulses (not depicted).

To confirm that the ion-conducting activity was in-
deed from the KvAP channels in the patched mem-
branes, we took advantage of high affinity Fv fragments 
that were derived from a monoclonal antibody (33H1), 
recognized and immobilized the voltage-sensor do-
mains of KvAP in their UP conformation, and thereby 
blocked the channel activity through steady-state inacti-
vation. When Fv was perfused to the extracellular side 
of the channels in the membrane patches held at 0 mV 
for 2 min, the voltage-dependent activity of the chan-
nels was almost completely inhibited (Fig. 6 A, red trace 
in the top). The cartoon in the bottom panel in Fig. 6 A 
depicts the perfusion of the inner partition of the Nan
ion Technologies system, which corresponds to the ex-
tracellular side. The time-dependent Fv block showed 
that the action of the Fv protein on the channels hap-
pened within a few minutes (Fig. 6 A, bottom diagram, 
with an arrow pointing to the starting point of perfu-
sion to the bottom partition of the Nanion Technolo-
gies system). The Fv binding was found to be irreversible 
within the short period of time the experiment lasted. 
The Fv effect also confirmed to the highest level of cer-
tainty that the channel activity was caused by the KvAP 
channels and not other unknown contaminants. Seals 
usually lasted for >30 min.

Considering the limited volume between the sup-
ported bilayer and the bead surface (Fig. 4 D), we ex-
pected to observe electric currents that were <200 pA 
and the exhaustion of current-conducting K+ ions inside 
the bSUMs after the delivery of a few test pulses, which 
would pose a serious space-clamp problem. However, to 
our surprise and satisfaction, we were able to record mul-
tiple traces from the same patch repeatedly. The cryoEM 
images in Fig. 4 B also showed that the space underneath 
the membrane is rather limited. These observations sug-
gested that the bilayer membranes outside the patch 
electrodes were probably broken, allowing the ions to 

expected) would be hyperpolarized, and their L125Cs 
would become accessible from the outside. However, 
we did not see reliable reactions. On the other hand, 
should the membrane have any ruptures, MTS-PEG5K 
would be able to diffuse through and gain access to the 
intracellular side. We reasoned that if the KvAP were 
not properly folded or incorporated in the opposite ori-
entation in the bSUMs, the L125C would become acces-
sible and be detected through a chemical reaction. Our 
lack of reactivity with the L125C therefore suggests that 
a majority of the channels were oriented outside-out.

Our Fv-binding assay demonstrated that the reconsti-
tuted proteins were accessible from the outside and were 
not enclosed inside the bSUMs to avoid reaction with 
MTS reagents. We also confirmed that the channels 
were able to bind fluorescently labeled pore-blocking 
toxin (CTX), suggesting that the extracellular side of 
the pore domains faced the outside of the bSUMs (not 
depicted). All these results, together with the cysteine-
accessibility tests in S4 and the fact that in the KvAP 
bSUMs the channels were anchored to the beads through 
the C-terminal (intracellular) His-tags, make a compel-
ling argument that the majority, if not all, of the KvAP 
channels in the bSUMs were folded correctly and em-
bedded in the supported bilayers, with their extra
cellular sides facing the outside of the vesicles in the 
bSUMs, and were thus suitable for electrical recording. 
Here, we use the term “unidirectional insertion” to re-
flect the observations supporting the idea that the ma-
jority of channels take the expected orientation but not 
in the absolute sense that would exclude the possibility 
of a small fraction of channels being either misfolded 
or mis-oriented. All our observations agree with such  
a notion. In order for us to say that there are absolutely 
no channels facing the opposite orientation, we would 
need a very fine counting of the channels with both ori-
entations, as well as the misfolded ones, which is still 
experimentally challenging and not the main focus of 
our study. Our cryoEM is still not able to recognize the 
orientation of the channels. New assays will need to  
be developed.

Electrical recordings from KvAP channels in bSUMs
Because of the direct linkage of the channels to the sur-
faces of the beads, the supported membranes are ex-
pected to be fairly stable and resistant to shearing force 
and deformation. The lack of flexibility in the mem-
branes, however, could make it difficult to form a 
gigaohm seal with conventional fire-polished glass elec-
trodes. We experimented with various shapes for the 
glass electrodes and various types of glass pipettes, with-
out significant success in direct patch-clamp recording. 
As an alternative measure, we tested the formation of 
gigaohm seals by dropping the beads onto planar glass 
electrodes (chips) mounted in a Nanion Technologies 
Port-A-Patch system. Even though not absolutely required, 
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the hole and thus damage the bilayer structure next to 
the sealed patch. To assess this possibility, we added 0.10 
mM BaCl2 to the top partition of the planar electrode 
and found that Ba2+ almost completely blocked the chan-
nel activity in the patched membranes within a few 

diffuse into the space between the bSUM bilayer and the 
bead surface. Because the silica beads used in the bSUMs 
were solid and rigid, we suspected that the formation of 
the gigaohm seal over the hole of a planar glass chip 
might introduce local deformations around the rim of 

Figure 7.  Electrophysiological properties of KvAP channels in bSUMs. (A) Single-channel activity at 80 mV. The windowed part was 
expanded and shown underneath. C, closed state; O, open state. There were at least two channels. The rareness of double openings 
suggested that the open probability at 80 mV was <50%. (B) Histogram of single-channel events at 80 mV. The peak value of the first 
channel opening is 14.3 ± 0.1 pA, and the baseline peak is 1.6 ± 0.3 pA based on Gaussian fitting. The calculated single-channel conduc-
tance is 174 ± 5 pS. (C) A typical series of current traces recorded from bSUMs using the pulse protocol is shown on the top. The bSUMs  
were prepared with solutions that set the Nernst potential for K+ ions (Ek) to 0 mV. After depolarization to 80 mV for 200 ms, tail cur-
rents were measured at various potentials (20 to 80 mV). For every trace, the leak conductance estimated at 80 mV was applied to all 
segments for leak subtraction. Only traces with very small or no leaks were used for analysis. The averaged tail currents during the first 
20 ms of repolarization at various potentials were normalized against that at 80 mV and then used to make an I-V plot. A linear fitting 
around I = 0 was used to estimate the reversal potential. (D) A normalized I-V plot for Ek = 40 mV is shown as an example. The reversal 
potential was found to be 38 mV. (E) Measured reversal potentials against Ek in various potassium solutions. Each data point represents 
the average of two to four experiments, and the error bars represent the range of variation (n = 2 for 20 mV) and the standard deviations 
(n > 2 for 0 and 40 mV). The line represents a fitting with y = a x, yielding a = 1.07 ± 0.1. The solutions used in these panels are listed in 
Table 1, with liquid junction potentials measured three times for each pair of solutions in a planar lipid bilayer setup.

T abl   e  1

Liquid junction potential measurements for solutions used in Fig. 7

Panels in Fig. 7 Ek Intracellular Extracellular L.J. potential

mV mM mM mV

A and B 6.6 80 NaCl, 200 KCl 10 NaCl, 200 KCl, 60 KF 0.40 ± 0.2

C–E 40 120 NaCl, 30 KCl 90 KCl, 60 KF 3 ± 0.4

E 20 80 NaCl, 70 KCl 90 KCl, 60 KF 2.6 ± 0.1

C and E 0 150 KCl 90 KCl, 60 KF 0.60 ± 1.1

The solutions used in Fig. 7 are listed above, with liquid junction (L.J.) potentials being measured three times for each pair of solutions in a planar lipid 
bilayer setup. Errors represent standard deviations calculated from three different measurements.
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88 A bead-supported unilamellar membrane system

a structural change. We attempted to cut sections across 
fixed bSUMs but did not succeed in preserving the mem-
brane integrity of the bSUMs. New methods are needed 
for preserving the patches for such an experiment.

Next, we measured some characteristic properties of 
the KvAP channels to determine whether the channel 
property remained similar in bSUMs, even though the 
channel kinetics, both activation and inactivation, 
seems to be different from those seen in bilayer record-
ings, which was also showed previously by Aimon et al. 
(2011). Using a planar electrode with a smaller hole 
(higher resistance, 5 MΩ or more), we were able to 
record single-channel activity at various holding po-
tentials (at 80 mV, as an example; Fig. 7 A). From the 
histogram of single-channel events, the estimated sin-
gle-channel conductance was 170 pS, close to what 
was first reported by Ruta et al. (2003) (Fig. 7 B). The 
high potassium concentration, from 150 to 250 mM, 
probably saturated the binding site inside the channel 
pore so that the single-channel conductance was not 
larger in our recordings.

To examine the ion selectivity of the recorded chan-
nels in bSUMs, we used tail currents at various voltages 
(Figs. 7 C and S3, A and B) to measure the reversal 

minutes (Fig. 6 B). Because of the tight gigaohm seal 
around the electrodes, we did not expect Ba2+ to leak 
through the patch. The block must have occurred when 
the barium ions went through the membrane disruption, 
which probably resulted from the interaction of the lipid 
bilayer and the flat glass surface, and bound to the chan-
nels through the intracellular binding sites. Consistently, 
the IC50 of Ba2+ from the intracellular side was previously 
reported to be <0.1 mM (Piasta et al., 2011), suggesting 
that our observed effect was caused by Ba2+ binding to 
the channel pores from the intracellular side. These re-
sults support the idea that there were membrane rup-
tures or breakdowns on the top of the planar electrode, 
which allowed Ba2+ ions to enter the limited space (slower 
diffusion than in bulk phase) between the bead surface 
and the bead-supported membrane and block channels 
from the intracellular side in the sealed patches. This 
also makes sense when we consider that the dried lipids 
added in a circular fashion around the holes in the elec-
trodes helped stabilize the seal, probably because the 
broken membranes above the sealed patches flapped 
down and became attached to the lipids deposited on 
the glass electrodes (Fig. 1 E). An EM image of the sec-
tioned electrode and bead will be needed to reveal such 

Figure 8.  bSUMs of varying dimension and lipid composition. Electrical recordings from KvAP bSUMs of 5 (A), 10 (B) and 20 µm (C) 
in diameter, or made of different lipid mixture, 3:1 (wt/wt) POPE/POPG (D), DOPC (E), 95:5 (wt/wt) DOPC/cholesterol (F). Test 
pulses depolarizing from 0 to 160 mV at 40-mV steps were introduced every 2 min. The holding potential was 80 mV. The standard 
intracellular solution (80 mM NaCl, 200 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES/KOH, pH 7.4) and extracellular solu-
tion (10 mM NaCl, 200 mM KCl, 60 mM KF, 20 mM EGTA, and 10 mM HEPES/KOH, pH 7.4) were used.
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to show activity when transmembrane potential is  
>50 mV, which will need to be thoroughly quantified in 
a separate study.

D I S C U S S I O N

Our results demonstrate that with chemical modifica-
tions (Ni-NTA as an example here) to their surfaces, 
silica beads (as well as other beads tested in the labora-
tory) were able to retain a high density of His-tagged 
channel molecules (Figs. 2 and 3), which act as mem-
brane organization centers during bilayer reconstitu-
tion and allow the formation of continuous unilamellar 
bilayers on the surfaces of individual beads; we named 
these bSUMs (Figs. 3–5). The relatively uniform orien-
tation of the inserted proteins was achieved via their  
selective attachment to the surfaces of the beads in de-
tergents. The channel proteins were found to be bio-
chemically intact (Fig. 5). Their basic electrical activity 
remains similar to what was previously observed in the 
BLMs (Fig. 7), even though there are obvious differ-
ences in the kinetics of activation and inactivation. The 
bSUM system can be of various dimensions. Given the 
random incorporation of lipids into the bilayers, spe-
cific lipids introduced during membrane reconstitution 
will very likely dictate the lipid composition of bSUMs. 
Because of limited materials and the difficulty involved 
in lipid quantification, we have not been able to accu-
rately determine the lipid composition of our bSUMs. 
With more development in lipid quantification via mass 
spectrometry, we expect to be able to directly deter-
mine the lipid composition of the bSUMs in the future. 
Our results demonstrate that the new bSUM method is 
successful, as we diagramed in Fig. 1. It allows relatively 
good control over protein orientation and should be 
suitable for studying lipid-dependent gating effects on 
voltage-gated ion channels.

The bSUMs embody a high density of membrane pro-
teins that to a large extent favor one direction. Each 
20-µm bead retains 960,000 molecules, assuming a 
surface density of 800 per µm2 (3,200/4, four His-tags 
per channel), which is close to what we measured be-
fore under EM (Llaguno et al., 2014). If a reliable 
method of giant-patch recording can be established, we 
expect to be able to measure gating currents directly 
from voltage-gated ion channels in bSUMs. 300,000 
KvAP channels (one third of the surface area of one 
20-µm bead) are expected to generate a gating current 
of 60 pA over a 10-ms period. We expect that the 
bSUMs will have broader applications concerning vari-
ous transporter proteins after the successful optimiza-
tion of the giant patch recordings (Hilgemann and Lu, 
1998) or using glass chips with 10–20-µm openings.

The reconstitution of a bSUM is likely to be dictated 
by the hydrophobic transmembrane domains of selec-
tively anchored proteins. After lipids are mixed with the 

potentials (Vrev) and compare them with the Nernst po-
tentials of potassium ions in various gradients across the 
membranes (Fig. 7, D and E). To overcome some varia-
tions of the currents recorded during the first 200 ms of 
the activation (80 mV) segments of the pulses, raw data 
(as exemplified in Fig. S3 B in finer 5-mV steps) were 
leak-corrected and normalized to the last data point of 
the activation voltage. The normalization procedure al-
lowed a better comparison of the tail currents (Fig. S3 C). 
The change of the tail currents from inward to outward 
was used to recognize the reversal potential, as showed 
in the magnified view of the tail currents in Fig. S3 C, 
where the reversal potential was close to 0 mV, agreeing 
with Ek = 0 mV. As another example, when Ek was set at 
40 mV, the measured reversal potential from the KvAP 
channels in the bSUMs was 38 mV (Fig. 7 D). Under 
three different solution conditions, we found that the 
measured reversal potentials closely followed the calcu-
lated Nernst potentials for K+ (Fig. 7 E), suggesting that 
the channel conducts potassium ions with a high de-
gree of selectivity. These data further suggest that the 
recorded activity in the patches was from KvAP chan-
nels in the bSUMs. Even though the kinetics of the 
channel appeared to be different in the bSUMs, similar 
to channels in GUVs (Aimon et al., 2011), a detailed 
kinetic analysis of activation, inactivation, and deactiva-
tion will be needed in a separate study.

bSUMs of varying dimensions and lipid compositions
The cryoEM images of 200-nm bSUMs, the fluorescence 
images of 5-µm bSUMs, and the electrical recordings 
from the bSUMs suggest that as long as it is possible to 
introduce enough proteins onto the surfaces of the 
beads, bSUMs of even larger diameters can be pre-
pared. We tested the formation of bSUMs around 5-, 
10-, and 20-µm silica beads and were able to record volt-
age-dependent activity from KvAP channels in these 
bSUMs (Fig. 8, A–C). Similar to what was observed from 
KvAP in giant unilamellar vesicles, the G-V relation of 
the KvAP in PE/PG lipids has a shallow component in 
the high voltage range (Aimon et al., 2011). We there-
fore showed traces elicited by voltage pulses from 0 to 
160 mV at 40-mV steps. These large-sized bSUMs make 
good candidates for electrical recordings via giant patch 
methods (Hilgemann and Lu, 1998). Our initial test 
suggested that it is possible to make recordings from 
hundreds of thousands of channels. The technical de-
tails of making giant patch recordings are being opti-
mized and will be reported separately. When we made 
KvAP bSUMs with different lipids (Fig. 8, D–F), we were 
able to record channel activity from PE/PG and DOPC 
membranes as well as membranes containing a mix-
ture of DOPC/cholesterol (19:1 weight ratio; Fig. 8 F). 
There were apparent changes because in the choles-
terol-containing membranes, the channels only started 
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lipids and proteins are not randomly distributed but in-
stead organized into microdomains, which include lipid 
rafts and caveolae (Anderson, 1993, 1998; Simons and 
Ikonen, 2000; Simons and Ehehalt, 2002; Anderson  
and Blaustein, 2008). How the spatial organization of 
lipids and membrane proteins affects the function of 
cell membranes remains a challenging question and 
has been difficult to study without the capacity to deal 
with local heterogeneity in an ultramicroscopic scale. 
The bSUM offers a new method suitable for inserting 
membrane proteins into bilayers of various lipid com-
positions and will be useful for studying membrane  
proteins in bilayers that mimic eukaryotic cell mem-
branes but are usually difficult to prepare using conven-
tional methods.

Even though our current bSUMs are made on spheri-
cal beads, the bilayer-forming scheme behind bSUMs is, 
in principle, applicable to substrates of other shapes. As 
long as surface engineering allows the selective enrich-
ment of a high density of membrane proteins, it will be 
feasible to produce supported unilamellar membranes. 
These supported membranes may be used for other ap-
plications, for example, the controlled release of me-
dicinal drugs, and may provide new capacities because 
of the favored directional insertion of membrane pro-
teins into a single bilayer. For example, heat-resistant 
bacteriorhodopsin has been engineered and inserted 
into membranes for bio-solar devices, but the random 
insertion of the protein into the membrane placed sig-
nificant limits on its application (Zaitsev et al., 2012). 
Unidirectional or heavily biased vectorial insertion based 
on selective enrichment on specific substrates may over-
come such a technical barrier.

The limited space underneath the current bSUM 
places an apparent limit on its potential applications for 
other purposes. We have tested the potential formation 
of bSUMs around porous beads. It was successful as 
long as the pores in the beads were small (e.g., <10 nm). 
Other possible configurations include the construction 
of a shell-like support with small pores so that the inte-
rior of the beads is largely empty. Supported monolayers 
formed directly on the surface of porous poly-(lactide-
glycolide) beads have been proposed as a drug-delivery 
vehicle (Musumeci et al., 2006; Hild et al., 2011). The 
bSUMs on porous beads with specific proteins inte-
grated into the membranes may provide a new vehicle 
that can be used for controlled and targeted drug re-
lease in the future.

The cryoEM images of the 200-nm KvAP-bSUMs sug-
gest that when it is feasible to control the bSUMs in the 
range of 50–100 nm, it may become suitable to use such 
bSUMs for molecular imaging. Based on the surface 
density estimated from our study, there are five to eight 
channels in each 50-nm bSUM. These molecules are 
well separated, on average 40 nm apart. The favored 
protein orientation and the spherical shape of the 

protein-detergent micelles on the bead surface, deter-
gent removal initiates the gradual enrichment of lipids 
around the proteins. During the physical growth of 
membranes from nanometers to micrometers, we spec-
ulate that small patches of bilayers will form first, with 
detergents either inserted in the bilayer portion or 
forming micelles around the rims of these patches, and 
that the gradual growth of these patches will be sup-
ported by the fusion of small detergent-saturated vesi-
cles (or membrane patches) formed in solution. When 
membrane patches around neighboring proteins are 
sizeable enough to touch one another and fuse, a con-
tinuous bilayer will come into shape. In addition, small 
vesicles without proteins are formed in the bulk solvent 
phase, and residual detergents may be able to mediate 
the fusion of these small vesicles into the bilayers around 
individual proteins such that after the complete re-
moval of the detergents, the continuous bilayers will 
have no leaks or tension.

During membrane reconstitution, many factors, in-
cluding temperature, rate of detergent removal, ionic 
strength, pH, etc., may affect bilayer formation (Lee 
et al., 2013). Our stepwise removal of detergents may 
control the fusion of small membrane patches around 
proteins, as well as, in the later phase, the fusion of small 
vesicles in the solution into the bilayers around the pro-
teins. Because the distribution of lipids into the various 
phases is random, we expect that without the binding of 
specific lipids to the membrane proteins, the same lipid 
composition should be maintained as in the starting 
lipid mixture. Because of the technical limits involved 
in quantifying specific lipids, we have not been able to 
reliably measure the lipid composition of the bSUMs. 
However, when we purified the KvAP channels, we did 
not detect any bound lipids via thin-layer chromatog-
raphy, suggesting that our assumption of the bSUMs 
having the same lipid composition as the input lipid 
mixture was likely correct. With more advanced mass 
spectrometry technology, it will become feasible to quan-
tify each type of lipid and measure lipid composition in 
bSUMs (Kraft and Klitzing, 2014).

Because the channel proteins on the bead surface ap-
pear to be the main factors in reconstituting a unilamel-
lar membrane, we expect that the detergent-solubilized 
lipids are randomly inserted into the bilayer. This 
means that introducing the desired lipids during recon-
stitution would control the lipid composition of the 
bSUMs. Such easy control of lipid composition relies on 
the random distribution of lipids in detergent micelles 
and the lack of phase separation during membrane re-
constitution; thus, all lipid molecules in the mixture 
have an equal probability of being inserted into the 
bSUMs. Human cell membranes are made of mem-
brane proteins and many types of lipids. Among these 
lipid molecules, phospholipids, glycolipids, sphingolipids, 
and cholesterol are the main species. In cell membranes, 
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