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1. Introduction

Biological membranes consist of lipid bilayers which are permeant to gases and water and
some hydrophobic substances, but are impermeant to charged materials such as ions.
Biological membranes in cells contain a variety of proteins (ion transporters, ion channels,
pumps and other types of pore proteins) to facilitate the transport of ions and other
molecules such as glucose and even large molecules such as proteins. The present chapter
describes our studies to form bilayers on artificial porous supports and solid supports, and
incorporate transporters and ion channels into such artificial membranes in functional form.
We were then able to remove ion channels from cells, and place them onto a wide variety of
solid and permeant synthetic supports without loss of function. While the above studies
involved native ion transport proteins, we also have undertaken studies to modify ion
channels to give useful properties. Starting with ion channels of known sequence and crystal
structures, these studies outlined the structural basis for functional and regulatory
properties. The approaches taken to prepare the engineered composite membranes are
generally applicable to the development, design and prediction of properties of a wide
variety of materials such as selectively permeable membranes or functionalized thin films
with desired chemical, electrical or optical properties. CIC-2 CI- transporting channels,
potassium ion channels, and transporters were used for this work. The following major
developments have facilitated this phase of the work. First, the primary structure of the ion
channels was known from cloning. Second, the X-ray crystal structure and additional NMR
structures of a CIC CI- channel have been published. Our group was been able to use both
the primary structure and the structural information to develop experiments to engineer
new properties into the channels. Recent NMR and X-ray crystal structural studies have
given important new information regarding the structure of the intracellular C-terminal
region of CIC-2, and this information helped to explain the structural basis for our findings
that this same region is involved in phosphorylation-dependent regulation of the channel.
Dissection and reconstitution of this region has already been carried out, raising our level of
confidence that we can exploit this regulatory region further in future studies, such as
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engineering this region to produce ion channel-based sensors which recognize a wide
variety ligands by inserting aptamers.

2. Materials and methods

2.1 Formation of bilayers on porous supports
Bilayers can be formed across a small hole in a hydrophobic support, and ion channel

proteins can be incorporated into those membranes (1, 2). We expanded this approach to
form bilayers on a variety of porous and solid supports containing either single holes in
wells, or many holes in a single well (3). Methods were also developed for constructs on
solid supported membranes (4). A variety of useful devices were developed using these
approaches (please see John Cuppoletti's patents and patent applications at

http:/ / patft.uspto.gov/).

2.2 Formation of lipid bilayers

For solid supported membrane studies please see (4) and for porous supports, please see (3).
In most studies, we used a 3:1 mixture of palmitoyl-oleoyl-phosphatidylserine (POPS) and
palmitoyl-oleoyl-phosphatidylethanolamine = (POPE) lipids (Avanti Polar Lipids,
Birmingham, Ala), 10 mg/ml and 3.33 mg/ml in n-decane for formation of the bilayer on
porous supports. This preparation appeared to work well for most studies. In the case of the
anthrax protective antigen studies, we used 3% (w/w) 1,2-diphytanoyl-sn-glycero-3-
phosphocholine in n-decane (Avanti Polar Lipids, Birmingham, Ala). 10 pl of lipid solution
was added to the membranes. Buffered salt solution was then added to both sides of the
membrane and left for 30 min. A multimeter (Epithelial Volt-ohm-meter, World Precision
Instruments, Sarasota, Fl) and Ag/AgCl reference electrodes were used to measure the
resistance across the phospholipid-coated membranes. When gramicidin D was used to
verify that a bilayer was formed (gramicidin is only large enough to cross one leaflet of the
bilayer), it was mixed with the lipids to a final concentration of 1 pg/ml. 10 pl of the
lipid/ gramicidin mixture was added to the membranes. Alternatively, gramicidin can be
added to both sides of the membrane. With gramicidin present in both bilayer leaflets, the
resistance of the bilayer decreased, verifying the presence of a lipid bilayer.

2.3 Measurement of ion currents

Currents were then measured using an Ag/AgCl reference electrode inside the well and a
Dri-Ref™ reference electrode in the outside solution. These were connected to an HS-2A
headstage which was connected to a Gene Clamp 500 amplifier (Molecular Devices, Inc.
Sunnyvale, California) (3, 4). Channel currents were filtered at 60 Hz. Voltages ranging from
—-80 to +70 mV were applied in 10-mV increments for 200 ms, and electrical currents were
recorded. pCLAMP version 55 was used to acquire data and Clampfit 8.0 (Axon
Instruments) was used to compare current recordings. Whole cell currents were measured
as described for potassium channels (3, 4) and chloride channels (5).

2.4 Types of supports used in these studies
Solid supported membranes were prepared as described in (4). Commercially available
porous membranes were used for most studies. Multiscreen-MIC (10 pm thick) filter plates
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were obtained from Millipore Corporation (Bedford, MA.) that contained inserts with
polycarbonate membranes with 3, 5 and 8 pm pores at the bottom. Micro porous 9 pm thick
PETE membranes with 3 pm pores were obtained from GE Osmonics, Inc. (Minnetonka,
MN). Individual wells were excised from the plates for use in these studies. Porous supports
were also prepared from various polymers (3). A diagram of the experimental setup is
shown in (3).

3. Results

Preparation of a device for measurements of the effects of inhibitors on Kv1.5 potassium
channels.

Polycarbonate membranes at the base of 0.3 cm? polystyrene inserts or wells of Millipore
Multiscreen-MIC filter plates were used. 10 pl of 3:1 POPS: POPE (40 mg/ml) in n-decane as
described above was added to the membranes and left for 30 min. 100 mM KCl/10 mM
HEPES (pH 7.4) was then added to both sides of the membrane. An ohmmeter and
Ag/ AgCl reference electrodes were used to measure the resistance across the phospholipid-
coated membranes. Solutions containing either potassium or N-methyl glutamine were used
to determine ion selectivity. In some cases gramicidin (at a final concentration of 1 pg/ml)
was included in the lipid to demonstrate that a bilayer was obtained (since two head to tail
gramicidin molecules is only large enough to form a leak across a bilayer). With gramicidin
and potassium solutions, the resistance decreased, indicating that the presence of a bilayer.
Membrane vesicles from cells containing Kv1.5 K+ channels or without Kv1.5 K+ channels
were prepared as described (3), and incubated with the lipid bilayers across the holes in the
membranes. Current across the bilayer was measured as described in the methods. The ion
channels in these devices were selective for K*, and were sensitive to a pharmacological
compound, an inhibitor of Kv1.5 K* channels, showing that these devices containing
reconstituted Kv1.5 K* channels on porous supports were useful for screening of drug
candidates (3). (See also US Patent 7833805).

4. Development of detectors for bacterial pore forming peptides

Many bacterial pore proteins including a-hemolysin from Staphylococcus aureus and the
Bacillus anthracis protective antigen 635 (PA63) are secreted and bind to a cell receptor on the
host, which then inserts into the membrane. Both proteins have been previously
reconstituted, but without receptors (6). A lipid bilayer was formed on a porous support
with appropriate receptors (CHO-K1 as a substitute for the normal human receptor) (7),
membrane proteins and human red cell membranes. It was then determined whether such
membranes could serve as an anthrax detector or a-hemolysin detector (see US patent
application 20080138839). Lipid bilayers were formed on porous supports as described in
the methods. In a control test experiment, ion solutions were then added to the well
followed by the addition of varying concentrations of a-hemolysin from 0 to about 500
mg/ml. Once the a-hemolysin solution was added, current flow across the membrane as a
function of a-hemolysin concentration, was measured using standard electrophysiological
equipment (Materials and Methods). The experiment was repeated for the same range of
a-hemolysin concentrations, except that the lipids forming the bilayer membrane were
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mixed with membranes from red blood cells (which include the receptor protein for
a-hemolysin). Red blood cell membranes were obtained by lysis in 0.15 M NH4Cl, 10 mM
K>CO;, and 0.1 mM EDTA and centrifugation. 1 ml of packed red blood cell membranes was
resuspended in the solutions above and added into each well. After 1 hr the ion solutions
were added, followed closely by the range of a-hemolysin concentrations as used in the
control experiment. The current across the membrane was measured as before. We found
that o-hemolysin inserted into the bilayers with red cell membrane proteins in a
concentration dependent manner, and that the red cell membrane proteins shifted the
concentration dependence of pore formation to lower concentrations.

To examine whether anthrax proteins could be similarly detected, 3% (w/w) 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (7) lipid solution was placed into wells of the
porous support. Varying concentrations of protective antigen 635 were added to the bilayer
and allowed to incubate for 30 min. Then 100 mM KCl/10 mM CaCl,/10 mM Tris, pH=7.1-
7.4 (neutral salt solution) was added. The plate was then placed into a bath which contained
the same neutral salt solution buffer and allowed to incubate for an additional 60 min.
Current was measured using pCLAMP software. The experiment was then repeated with
CHO-K1 cell membrane vesicles added to the lipid bilayer and a dose response to protective
antigen 635 was again determined. Interaction of the bilayer and vesicles was allowed to
occur over 1 hr and salt solution was then added to the wells. The bilayers were first tested
for stability and to see if the bilayers were formed. Then protective antigen 635 was added
and allowed to incubate for 1.5 hr. Salt solutions were added and the current was again
measured at each concentration of protective antigen 635. We found that the concentration
of protective antigen 635 which caused a leak current (prevented by the inhibitor
tetrabutylammonium chloride) was greatly reduced by the presence of CHO-K1
membranes. This device is thus useful as an anthrax protein detector.

5. Use of gramicidin as a proton pore for fuel cell membranes

Gramicidin is a small molecular weight molecule which is available commercially, and
which has the property of transporting ions, including protons. We have shown that
gramicidin can be easily incorporated into porous membranes using the techniques
described above. While having large surface areas of porous membranes is useful for such
uses, it appears that high temperatures are required to maintain the integrity of the catalysts
which are used in fuel cell membranes. We have found in single channel studies that
gramicidin can function at very high temperatures, therefore providing a potential use of
these techniques to prepare fuel cell membranes which can function at very high
temperatures (95°C or greater) (unpublished data).

6. Solid supported membranes reconstituted with Kv1.5 potassium channels

There have been several reports of fusion of membrane fragments containing electrogenic
ion pumps with solid supported membranes, with a resultant functionally relevant ion
current upon concerted activation of the ion pumps (8, 9). Building on these studies, we
examined whether it would be possible to form solid supported membranes with ion
channels (4). However, it was our intent to insert the ion channels directly into a lipid
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bilayer on a solid supported membrane. In these studies, gold coated glass slides with a
chromium undercoat and a silver wire added as a ground were reacted with
1-octadecanethiol (4, 8, 9). Over this layer was placed an epoxy resin which coated most
of the surface, but left some surface voids. The expoy resin was then treated with a
3:1 mixture of palmitoyl-oleoyl-phosphatidylserine (POPS) and pamitoyl-oleoyl-
phosphatidylethanolamine (POPE) lipids, 10 mg/ml and 3.33 mg/ml in hexane
respectively, and used to form a Langmuir monolayer, which was then deposited on the
thiol-treated gold slide using the Langmuir-Blodgett technique. Experimental wells of
known area were then constructed by placing plastic ring on the surface with silicon grease
and sealed with a coating of clear nail polish around the inner edge. Then, membrane
vesicles from cells over-expressing Kv1.5 potassium ion channels (or vesicles from cells
without Kv1.5 vesicles), were then applied. K* dependent currents were measured when
Kv1l.5 K* channels were present and these were inhibited by known Kv1.5 K* channel
inhibitors (4).

7. High temperature studies of naturally occurring ion channels

The question of whether devices containing ion channels can remain active under harsh
conditions that may be necessary to use is often raised. Biological transport proteins have
potential for use in many biotechnology applications. However, high temperatures or harsh
chemical environments could limit their use. In the case of the apical ion channels of gastric
parietal cells, these channels are routinely exposed to very low pH (pH 3), and are actually
activated by low pH (1, 3). We sought to study ion channels which might be active at
elevated temperatures. As stated unpublished studies using gramicidin showed H*
transport at temperatures as high as 96°C. In another study (10) a CIC-like channel from the
archeobacter hyperthermophile, Methanococcus jannaschii (mj) which grows at a temperature
optimum of 85-90°C, was cloned from mj genomic DNA. It was ligated into pcDNA3.1/V5-
His TOPO and stably expressed in HEK293 cells. Cl- currents were studied by patch clamp
electrophysiology. ClCmj-expressing HEK293 cells (but not mock transfected cells) exhibited
voltage activated CI” currents which were inhibited by 500 pM CdCl,. When membranes
were isolated from ClCmj-expressing HEK293 cells and fused to planar lipid bilayers, single
Cl- channels were evident at room temperature (25°C) and they persisted at elevated
temperatures up to at least 96°C. No channels were evident with membranes from mock
transfected HEK293 cells. These studies demonstrated that ion channels from these
organisms are functional at elevated temperatures as required for applications in
biotechnology.

8. Manipulation of the properties of ion channels

Total flow of ions through an ensemble of channels is equal to the number of channels (N),
multiplied by the open probability (Po), multiplied by the unit conductance of the channels
(Y). Up-regulation of the number of channels by insertion into the membranes being studied,
or by increasing the copies of the ion channels are straightforward ways of increasing N.
The time spent in the closed or open state can be manipulated by drugs, covalent
modification, or by physiological regulation such as phosphorylation or binding of
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endogenous ligands such as fatty acids. The unit conductance of ion channels is generally
constant, thereby contributing to the unique signature of the ion channel, although there
may be apparent changes to the measured unit conductance when certain drugs are present
which modify the open or closed time.

CIC-2 chloride channels are the major focus of study of our laboratory (1, 2, 5, 11, 12). Early
studies showed that these channels from human and rabbit (in contrast to rat CIC-2) were
activated by treatments which raised the levels of intracellular cAMP. The rabbit form of
CIC-2 was cloned and shown to contain sites which were predicted to be sites for
phosphorylation by cAMP dependent protein kinase (PKA) (12). This suggested that CIC-2
was regulated by phosphorylation. The human CIC-2 protein sequence was shown to
contain similar sites (13). In order to explore further regulation by protein kinase, we used
programs which identified potential phosphorylation sites on the human (and rabbit) CIC-2
protein amino acid sequence, and compared these with those present on the rat CIC-2
protein. Both human and rabbit CIC-2 sequences contained in the C-terminus, two potential
phosphorylation sites that were absent from the rat CIC-2 channel. The two sites on the
human CIC-2 channel were then probed by site-directed mutagenesis, where the amino
acids responsible for accepting the phosphate serine and threonine in the two predicted
sites, were changed to alanine. In both cases, the single site mutant channels could be
activated by phosphorylation, albeit with slightly different properties (5). However, when
both sites were simultaneously changed to alanine, the channel could not be activated by
phosphorylation, demonstrating that the two sites were important to regulation of the
channel by phosphorylation (5). Moreover, when one of the sites was changed to aspartate, a
mimetic of phosphorylation, the channel was constitutively open, and could not be further
activated by phosphorylation. This approach has practical implications in generating
channels which are constituently active and thus useful for studies of inhibitors of the
channel, which is normally inactive in the absence of activators or PKA phosphorylation.
This approach can also generate a CIC-2 channel that cannot be activated by cAMP or
activators that act through PKA phosphorylation, which would be useful when searching
for direct activators of this ion channel.

9. Covalent chemical modifications of ion channels

The rabbit and human forms of the CIC-2 chloride channel are also activated by low
extracellular pH. Thus the channel is more active at pH 3.0 than at pH 7.4. To identify the
charged residues on CIC-2 which lead to activation by low extracellular pH, an analysis of
the predicted topology of the channel was first carried out, and a charged region of the
channel was identified that was thought to be glycosylated and therefore exposed to the
outside of the cell. Site directed mutagenesis and analysis of channels can be very time
consuming. An alternative approach was first taken to determine whether acidic amino
acids were indeed involved in the pH activation seen in rabbit CIC-2. We used water soluble
carbodiimide to catalyze the amidation of the channel protein (1). The carbodiimide would
only access the outer surface of the channel. We found that treatment with the amidation
reagents led to activation of the channel to levels similar to that seen with acidic pH. We
then carried out site directed mutagenesis of the putative amino acids and showed that
changes of a single glutamate to glutamine led to loss of activation by low extracellular pH,
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while other changes did not affect pH activation. This approach has practical applications in
that the channel can be activated constitutively by amidation without the need of low
extracellular pH. As one approach the amidation reagents might be used to activate the
channel when it is available to the environment such as in the lung or in devices (see US
patent 6,159,698).

Other approaches to covalent modification were also carried out. We have studied chloride
transport in the stomach for many years in the context of gastric acid secretion. It was
known that the gastric H*/K* ATPase was a target of proton pump inhibitors, such as
omeprazole. Omeprazole, when acid activated, will react with a large number of proteins,
but generally acts mostly in the stomach, where acid activation is robust. Thus, it was not
known whether the chloride transport channel (thought to be CIC-2) was also affected by
omeprazole. The CIC-2 channel in bilayers was found to be activated by acid activated
omeprazole (11). This provided another potential way to activate the CIC-2 channel, such as
in the lung or in devices (see US patent 6,015,828).

10. Search for drug binding sites

The CIC-2 channel is known to be activated by a drug, lubiprostone, that is currently used in
treatment of constipation (14, 15) and by a large variety of fatty acids, including arachidonic
acid (13). In ongoing work, we have been searching for the binding region for lubiprostone
and other fatty acids. Preliminary data (not shown) suggest that certain amino acids play a
major role in activation of the channel by lubiprostone. The amino acid mutagenesis and
chemical modification studies described above have provided information which can be
compared with known X-ray and NMR structures of the CIC channels. For example, the
crystal structure of parts of several CIC channels have appeared (16, 17), and NMR studies
have described organized regions of the cytosolic C-terminus of the channel which cannot
be crystallized (18). These structures, in conjunction with site directed mutagenesis studies
provide a roadmap for understanding how various structures within the channel might lead
to regulation of the channels.

11. Discussion

We have described our studies of reconstitution of potassium channels on solid and porous
supports for pharmacological studies, reconstitution of the anthrax pore protein and
a-hemolysin with their respective membrane protein receptors, preparation of membranes
with gramicidin which might be useful for fuel cells, and reconstitution of other membrane
proteins, including ion pumps and channels. The work described in this chapter produced
unique new materials with the ability to “sense” the environment and at the same time send
an electrical signal reporting changes in the chemical or physical environment. These
devices can sense chemicals and toxins and even shrink and swell events or produce or
transduce energy from biochemicals. Indeed, the present work contributes to a new field of
engineering which can produce materials with unprecedented properties. In living cells,
these ion channels and other chemi-osmotic transport proteins use electrochemical gradients
formed by light and chemical substrates to produce and interconvert energy, mechanical
work, electrical work, osmotic work, chemical work and heat. Using the described
approaches, composite materials will be developed to do the same in the future.
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The approaches described are general. They can also be used for other channels. None of
these techniques absolutely require that the ion channels be highly purified from cells and
will work even if the ion channels represent a very small fraction of the total membrane
protein. The reason for this is that ion channels have unique electrophysiological properties
which allow them to be identified by ion selectivity, responses to drugs, unit conductance,
voltage responses, and whether they act as single or double barreled channels. However, in
some cases it is necessary to alter the source of ion channel protein. Thus, it is possible to
increase the complement of ion channel proteins by over expression, to purify and even
crystallize the proteins, or, as described above, prepare ion channel proteins with altered
amino acid sequence. Purification of these proteins generally requires that the membranes in
which they are embedded must be disrupted by detergents. Detergent disruption,
subsequent purification and reconstitution into membrane vesicles disrupts the orientation
of the membrane proteins into inside out and outside out configurations. This is in contrast
to ion channels isolated from native membrane that are normally in one configuration, e.g.
inside out. Nevertheless, it is possible to purify membrane vesicles containing a single ion
channel in a single configuration by chromatography or free flow electrophoresis. These can
then be reconstituted in a single configuration.

The techniques for insertion of ion channels (and other transporters) into porous supports
are straightforward and generally applicable. The formation of the lipid bilayer and
insertion of the proteins into the bilayer occur by self assembly. The procedure can be scaled
from a few hundred square angstroms to square meters. It is also possible to expand upon
the geometries of these devices, perhaps placing one type of protein on one side of a
compartment, and another on the other side of a compartment, as occurs in living cells. Such
studies can be understood within the context of the chemiosmotic theory (19), and can be
best understood and driven in the future by that theory. Possible criticism of the approach is
that the devices may not be sufficiently robust to function in harsh environments. However,
as described in this chapter, some ion channels have been shown to be active at extremes of
pH and at high temperatures.
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