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ABSTRACT 

 Ligand-gated and ligand-modulated ion channel (IC) sensors have received increased 

attention for their ability to transduce ligand-binding events into a readily measurable 

electrical signal.  Ligand-binding to an IC modulates the ion flux properties of the channel in 

label-free manner, often with single-molecule sensitivity and selectivity.  As a result, ICs are 

attractive sensing elements in biosensoring platforms, especially for ligands lacking optical 

(e.g. fluorescent) or electrochemical properties.  Despite the growing number of available 

ligand-gated and ligand-modulated ICs and artificial lipid bilayer platforms for IC 

reconstitution, significant work remains in defining the analytical performance capabilities of 

IC sensors.  Particularly, few studies have described platforms for making measurements 

with rapid temporal resolution and high sensitivity.  In this work, we describe an artificial 

lipid bilayer platform which enables rapid measurement of ion channel activity, a key 

parameter for developing IC sensors suitable for studying biological events, e.g. single cell 

exocytosis (Chapter 2 and 3).  Additionally, we developed expression, purification, and 

reconstitution protocols for Kir6.2, a model ligand-gated ion channel, for use in sensor 

development (Chapter 4).  The final goal is to reconstitute ion channel-coupled receptors 

(ICCRs), G protein-coupled receptor-Kir6.2 fusion proteins, into artificial lipid bilayers to 

detect small molecules and hormones targeting GPCRs.  Towards this goal, we characterized 

the expression and function of two ICCRs, M2-Kir and D2-Kir, in HEK293 cells (Chapter 5).  
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CHAPTER 1:  INTRODUCTION 

1.1 Biological Membranes 

Biological membranes are dynamic structures composed of a diverse set of proteins 

and lipids which serve to separate biological organisms from the exterior environment, 

through the use of a selectively-permeable lipid bilayer.
1
  Integral or peripheral proteins 

embedded in the membrane enable communication with exterior environments by interacting 

with chemical stimuli,
2–5

 reporting environmental changes (e.g. temperature changes),
6
 or by 

transporting small molecules or ions across the membrane, e.g. transporters and ion 

channels.
7–9

  These proteins not only serve as cellular sensors, but also influence the bilayer 

organization through protein-lipid interactions.  Significant research aims to understand 

membrane dynamics,
10,11

 membrane organization,
12,13

 membrane proteins,
14

 various protein-

protein/protein-lipid/lipid-lipid interactions,
15

 and other membrane processes.
16–18

  In this 

section, we review the major properties of biological membranes. 

1.1.1.  Organization of Biological Membranes 

 In 1972, S. J. Singer and Garth L. Nicolson proposed the fluid mosaic model of 

membranes (FMMM) to describe the structure of cell membranes.  It provided a framework 

for understanding the “gross structural organization of membranes, in terms of the 

thermodynamics of macromolecular systems and in the light of the then available 

experimental evidence.”
19

  The model described the cell membrane as an, “oriented, two-

dimensional, viscous [phospholipid bilayer] composed of amphipathic proteins and lipids in 

instantaneous thermodynamic equilibrium,” where the “long-range distribution of any 

integral protein…is essentially random (i.e. homogeneous mixed).”  Figure 1.1 illustrates the 
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basics of the fluid mosaic model, including lipid organization and protein distribution, as 

described by Nicolson and Garth in 1972.  Additional experimental evidence soon after 

Singer and Nicolson published their model demonstrated that lipid and protein distributions 

in biological membranes were significantly more organized and dynamic than the model 

predicted.  Israelachvili introduced packing considerations in which the organization of lipids 

and proteins is highly coupled.
20

  Mouritsen and Bloom introduced the Mattress Model in 

1984, which incorporated elastic properties of the lipid bilayer and proteins, resulting in 

variances in the length of hydrophobic regions of the bilayer owing to indirect and direct 

lipid-protein interactions, in addition to phase behavior of lipid mixtures.
21

  Sackmann 

emphasized the importance of the cytoskeleton and the glycocalyx on membrane dynamics 

and structure.
22
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Figure 1.1  An illustration of the Fluid Mosaic Model of biological membranes.  Integral 

membrane proteins are randomly dispersed in a completely fluid lipid bilayer structure.  

Figure reprinted with permission.
15

 

 

More recently, Vereb, et al.,
10

 have proposed the “dynamically structured mosaic model” 

which contains the following attributes of lipids and proteins in biological membranes:  (i) 

lipid-domain segregation restricts free diffusion of lipids and proteins; (ii) membrane 

proteins may exhibit colocalization on scales <10 nm; (iii) protein clustering may occur >100 

nm; (iv) protein clusters are frequently localized in phase-segregated portions of the 

membrane, called lipid rafts; (v) receptors may be preassembled into complex 

supramolecular structures in the absence of a ligand; (vi) ligand-binding may evoke receptor 

aggregation to amplify factors of transmembrane signaling; (vii) small lipid microdomains 

may exist to include individual membrane proteins or as functional oligomers to produce 
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larger signaling domains; (viii) the α-helical membrane-spanning segments of membrane 

proteins conform to the length and shape of the lipid acyl tails constituting that membrane 

domains; (ix) membrane protein localization into different membrane lipid regions may be 

determined genetically based on the the amino acid sequence of the transmembrane domain; 

(x) proteins play an equal role as lipids in determining the structure of dynamics of biological 

membranes; (xi) while artificial lipid bilayers tend to spontaneously form phase segregated 

domains, biological cell membranes exhibit a more dynamic nature due to specific protein-

protein and protein-lipid interactions, as well as regulated vesicular transport processes; (xii) 

identification of the origin and characteristics of lipid microdomains/receptor assemblies may 

better aid our understanding of cells.   

Figure 1.2 illustrates an updated version of the Fluid-Mosaic Model of membrane 

structure, based upon current scientific understanding.  Ongoing research to more precisely 

define how the extent of lipid-, protein-, and cell matrix-interactions ultimately influence the 

complexity and hierarchy of biological membranes may best be reviewed by Nicolson.
15
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Figure 1.2.  An updated illustration of the Fluid Mosaic Membrane Model of biological 

membranes which accounts for the diverse array of lipid phases, membrane proteins 

and cytoskeleton interactions.  Phase segregated domains are depicted by purple lipid head 

groups.  Figure was reprinted with permission from Nicolson.
15

 

 

1.2  Lipids 

Lipids constitute the major molecular component of biological membranes.
23

  Lipids 

are amphipathic molecules comprised of a hydrophilic portion and a hydrophobic portion 

which are insoluble in water, but soluble in organic solvents.
24

  Lipids are broadly classified 

as sterols, waxes, fatty acids, mono- and di-glycerides, lipophilic vitamins, and others.
25–27

   

Lipids fulfill three general functions in eukaryotic systems.  First, lipids are used for 

energy storage, in the form of triacyglycerol and steryl esters.
28

  These molecules act as 

storage for needed for membrane biogenesis.  Second, amphipathic lipids self-assemble in 

aqueous solution into the canonical lipid bilayer structure of cellular membranes, with the 

hydrophilic headgroups oriented toward aqueous compartments, while the hydrophobic tails 

form the membrane core.
29

  This organization is repeated in discrete organelles (e.g. 
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lysosomes, mitochondria, and the endoplasmic reticulum) which compartmentalize specific 

biochemical reactions in a diffusionally restricted space.  Importantly, the lipid composition 

controls the bilayer fluidity, bilayer structure, and organization of proteins and lipids (i.e. 

lipid rafts) which enable dynamic rearrangement of membrane structure, e.g. exocytosis.  

Third, lipids may act as primary and secondary messengers in signal transduction and 

molecular recognition processes.  Degradation of lipid molecules leaves a hydrophobic acyl 

tail which transmits the signal in the membrane and a hydrophilic portion which propogates 

the signal into the cytosol.  A prominent example is the degradation of 

phosphatidylinositol(4,5)-bisphosphate into the cytoplasmic signaling molecule inositol 

(1,4,5)-trisphosphate and diaceylglycerol.
30

   In addition, some lipids function to define 

membrane domains, which recruit proteins from the cytosol that subsequently organize 

secondary signaling or effector complexes.   

 Here, we review the basic properties of lipids:  the lipid composition, lipid 

composition effects on structure and organization, and lipid impacts on membrane protein 

function.  

1.2.1  Composition 

Lipid bilayers are comprised of a broad and diverse set of amphipathic molecules 

which vary in headgroup functionality, acyl tail length and saturation and headgroup 

modification.  Currently, eight categorizes of lipids are recognized in eukaryotic cells.
24,25,31

  

1.2.1.1  Fatty Acids 

 Fatty acids are a diverse set of lipids categorized by repeating methylene groups 

which impart hydrophobic character to the lipid along with different heteroatom functional 

groups.  Fatty acids are primarily known as the main components of “fat,” and thus serve as 
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long-term energy storage.  Fatty acids are also incorporated into the lipid bilayer as fatty acid 

tails into glycero- and glycerophospholipids.  Degradation of the lipids by various enzymes 

generates fatty acids signaling molecules in various biochemical pathways.  Figure 1.3A 

illustrates a common fatty acid structure. 

 1.2.1.2.  Glycerolipids and Glycerophospholipids 

 Attachment of fatty acids unto a glycerol backbone by ester bonds generates 

glycerolipids.  The glycerol backbone may be mono-, di-, or tri-substituted with fatty acids, 

also known as the fatty acid ester.  Examples are presented in Figure 1.3B. 

Glycerophospholipids are the most abundant lipid component in cellular membranes 

and are classified according to the nature of the polar headgroup at the sn-3 position of the 

glycerol backbone for eukaryotes or sn-1 position for archaebacterial.
24

  The polar headgroup 

is comprised of a phosphodiester bond at one of the sn positions of glycerol followed by a 

functional group, including choline (PC), ethanolamine (PE), serine (PS), phosphatidic (PA), 

myo-inositol (PI), and glycine (PG).  The acyl tails at remaining hydroxyl positions on the 

glycerol backbone vary in carbon length (C8-C24) and degrees of unsaturation (1-4).  This 

diverse set of functionalities provides distinct features in cell membranes, including domain 

formation, curvature, membrane charge, etc.  In addition to membrane components, 

glycerophospholipids also serve as primary components which bind and modulate the 

activities of membrane proteins.
32

  Examples of glycerophospholipid structure is presented in 

Figure 1.3C. 

 1.2.1.3.  Sphingolipids 

Sphingolipids derive their name from spingoid long chain base, the most common of 

which are sphinganine and sphingosine.  Sphingolipids typically contain saturated fatty acid 
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tails with varying carbon chain length and degree of hydroxylation, although unsaturated 

fatty acids are also found.  Ceramide is the simplest sphingolipid and constitutes the basic 

backbone of all sphingolipids prior to functionalization with different headgroups.  A 

phosphorylcholine headgroup forms sphingomyelin and attachment of a carbohydrate, 

usually glucose or galactose as the first step, forms glycosphingolipids.  Over 500 different 

carbohydrate structures have been described in glycosphingolipids, with the main sugars 

being glucose, galactose, fucose, N-actylglucosamine, N-acetylgalactosamine, and sialic 

acid.
31

  Figure 1.4A illustrates common sphingolipid and glycosphingolipid structures. 

A consequence of having saturated tails is a high melting temperature (Tm), which  

causes lipids to adopt a liquid-ordered phase, or gel phase, which phase separates from lipids 

with lower melting temperatures.  Consequently lipid domains are enriched in sphingolipids 

and other lipids containing saturated lipid tails, into micro- and nano-domains within 

biological membranes, called lipid rafts. 

1.2.1.4. Sterols and Sterol Lipids 

 Sterols are classified according to the number of carbons constituting the backbone, 

including estrogen (C18), androgens (C19), and the progestrogen, glucocorticoid, and 

mineralocorticoid (C21) classes.  Cholesterol and its derivatives are the most widely studied 

sterol in mammalian cells, as it may comprise > 50 % of the cell membrane composition.
33

  

Ergosterol is the most common form in yeast.
24

  The structure of cholesterol is shown in 

Figure 1.4B.   The steroids, which contain the same fused four ring core structure, have 

different biological roles as hormones and signaling molecules.   
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1.2.1.5. Other lipids:  Prenol Lipids, Saccarolipids, and Polyketides 

 Fatty acids, glycolipids, glycerophosopholipids, sterols and sphingolipids constitute 

the majority of lipids found in biological membranes; however, other lipid types are present 

in biological membranes which exhibit bioactivity.  Also known as isoprenoid lipids, or 

terpenoids, prenol lipids are compounds synthesized from a five carbon unit precursor 

isopentyl diphosphate and dimethyl allyl diphosphate mainly through the mevalonic acid 

pathway.
34

  Successive addition of isoprenoid units forms larger acyl tails.  An example of an 

isoprenoid lipid is shown in Figure 1.4C.  Saccharolipids differ from glycolipids in that the 

fatty acid tails are attached through a sugar backbone.  The most typical form are the acylated 

glucosamine precursors of the lipid A component of the lipopolysaccharides in Gram-

negative bacteria.
35,36

  An example is shown in Figure 1.4D.  Polyketides (PKs) represent a 

heterogeneous group of molecules comprising polyethers, polyenes, polyphenols, macrolides, 

and enediynes, which account for a number pigments, virulence factors, signaling or defense 

chemicals.
37

  Pharmacologically, PKs exhibit a variety of bioactive properties, including 

antibiotics, immunosuppresants, antiparasitics, and other pharmaceutical.
24

  These molecules 

are biosynthetically produced by polyketidesynthases which use acetate and proprionate as a 

synthetic building block. 
37

 Polyketides are synthesized into constrained macrocyclic lactones 

(class I), with 14- 40 atoms, or complex aromatic ring systems (class II and III).  An example 

of a class I polyketide is shown in Figure 1.4E.   
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Figure 1.3.  General structures of (A) fatty acids, (B) glycerolipids, and (C) 

glycerophospholipids.  Glycerolipids show mono-, di-, and tri-substituted forms.  In 

glyerophospholipids, the phosphate head group can be modified by a number of chemical 

moieties, including choline, ethanolamine, glycerol, myo-inositol, and serine. 
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Figure 1.4.  Example structures for sphingolipids, sterols, prenol lipids, saccharolipids, 

and polyketides.  Structures are adapted from Fahy, et al., with permission.
24

 

 

 1.2.2.  Lipid Distribution in Cells 

 The lipid composition of biological membranes varies among kingdoms of animals, 

species, tissue and cell type, and organelle.  Figure 1.5 illustrates the relative distribution in 

lipid composition for different biological membranes making up organelles in mammalian 

and yeast cells.  As can be seen, biological membranes are composed of diverse classes of 

lipid molecules, but with differences in the ratio of each lipid class. 
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 Figure 1.5.  Schematic illustrating the relative abundance of individual lipid 

classes for biological membranes found in mammalian (dark blue) and yeast (light blue) 

membranes.  Figure was reprinted from van Der Meer, with permission.
23

   

  

Biological membranes exhibit an asymmetrical distribution of lipids between the 

inner and outer leaflets of the plasma membrane and organelle membrane, except the 

endoplasmic reticulum.  The outer leaflet is enriched in choline-containing lipids and 

sphingomyelins, which subsequently enhance cholesterol affinity to this compartment.  In 
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contrast, the inner leaflet is enriched in amine-, serine-, and inositol-containing 

phospholipids.  A number of lipid transporters have been discovered which maintain lipid 

asymmetry, including the cytofacially-directed, ATP-dependent transporters (flippases), and 

exofacially-directed, ATP-independent transporters (floppases), and the bidirectional, ATP-

independent transporters (scramblases).
38,39

  The existence of lipid transporters suggests that 

maintaining proper lipid asymmetry is essential for cellular function.   

Cell membrane lipid asymmetry plays important roles in protein function, signaling 

events, and plasma membrane structure.  For instance, phosphoserine-containing lipids are 

exclusively located on the cytoplasmic membrane side, acting as a membrane-bound 

modulator of membrane receptors, e.g. ion channels, and membrane bound enzymes, e.g. 

protein kinases.
32

  Loss of PS asymmetry, and thus exposure of PS to the extracellular matrix, 

acts as a recognition site for phagocytes during cellular destruction, as well as other 

pathological conditions.
40

    Some hypothesize that lipid asymmetry guides other aspects of 

membrane structure, e.g. membrane curvature.  It is suggested that the outer leaflet is 

curvature neutral and the inner leaflet has a negative curvature which minimizes the total 

curvature energy of the lipid bilayer.
41

   

1.2.3.  Lipid Phases 

Lipids form one of three polymorphic phases:  cubic, hexagonal, or lamellar.  Under 

physiological conditions, most (but not all) lipid bilayers are in the lamellar phase or bilayer 

phase, which is further separated as the lamellar liquid phase (Lα) or lamellar gel phase 

(Lβ).
33

  The particular phase a lipid will be in is dependent on the melting temperature of the 

lipid (Tm), which is a complex function of the length and degree of unsaturation of the acyl 

tail and the electrostatic properties of the head group. 
42

 Because lipid phases are a function 
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of bulk materials, we discuss phase transition of the membrane instead of individual lipids.  

For T > Tm, the membrane is in the Lα phase, where lipids freely diffuse within the 

membrane.  In the Lα phase, lipid tails are more disordered resulting in a more loosely 

packed bilayer (Figure 1.6A) For T < Tm, the membrane is in the gel phase, or Lβ phase, 

where the lipids tails take on a more ordered packing geometry with higher ratios of 

trans/gauche conformations, resulting in a more close-packed membrane that may be 1 nm 

thicker than the Lα phase (Figure 1.6B).  Depending on the lipid headgroup, lipids in the Lβ 

phase may take on a tilted angle (Lβ’).  Around Tm, both Lα and Lβ phases coexist.   

 

Figure 1.6.  Depiction of lipid phases in membranes.  (A) Liquid disordered, Lα phase, 

where lipid tails adopt a lower trans/gauche ratio.  (B) Gel phase, Lβ, where lipid tails adopt a 

more ordered packing due to higher trans/gauche ratios.  (C) Saturated lipids with 

headgroups which take on higher degrees of hydration (e.g. PC) exhibit tilted lipid tails, and 

form the Lβ’ phase.  (D) Addition of cholesterol to saturated lipids induces the liquid ordered 

phase, whereby lipid tails are more ordered like the Lβ phase, but significant lipid mobility is 

observed, similar to the Lα phase.   
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Cholesterol is a significant component of eukaryotic membranes, and its inclusion 

into different lipid bilayer phases produces complex phase behavior and altered bilayer 

characteristics.  Lipids with saturated acyl tails and cholesterol form a binary mixture known 

as the liquid ordered state (Lo).  Phospholipid acyl tails become conformationally ordered 

without loss of lateral mobility.
43

  Cholesterol orders the phospholipid tails, resulting in an 

extended conformation without entering the Lβ phase.  Additionally, cholesterol can produce 

complex phase behavior where the sterol-induced lo phase can co-exist with the liquid-

disordered phase.
44

  Furthermore, cholesterol addition modifies mean lipid headgroup area, 

membrane permeability, and broadens the liquid-gel phase transition temperature.
44–46

 

The diverse range of lipid types coupled with a range of Tm implies a spatially 

heterogeneous lateral organization of lipids in biological membranes at physiological 

conditions.  The size and function of this membrane organization, termed lipid rafts, is still 

studied and debated, despite acknowledgement of its existence more than 30 years ago.
47

  

The lipid rafts hypothesis  proposes scalable, highly dynamic, sterol- and sphingolipid 

enriched phase segregated lipid domains (rafts) as subcompartments in biological membranes 

which facilitate a range of biological functions, including protein colocalization, membrane 

trafficking, and cell signaling.
48

   Small rafts can sometimes be stabilized to form larger 

platforms through protein-protein and protein-lipid interactions.
49

  However, the transient and 

dynamic nature of lipid rafts have made it difficult to experimentally verify their existence 

cell membranes.
50–52

  Figure 1.7 depicts the compartmentalization of membrane proteins and 

lipids into lipid rafts.   
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Figure1.7.  Compartmentalization of lipids and proteins into lipid raft phases.  
Membrane protein and lipid components are segregated into lipid raft phases and fluid phases 

according to preferences for chemical interactions.   

 

1.2.4.  Effects of Lipids on Membrane Proteins 

  The lipid bilayer behaves as a hydrophobic solvent for the proper folding and 

function of integral membrane proteins.  Lipids organize around membrane proteins as either 

tightly bound non-annular lipids, or as rapidly exchanging annular belt lipids which are in 

equilibrium between the bulk lipid bilayer and the annular lipid belt.
53

  Conformational 

changes in the bilayer-spanning regions of membrane proteins exert perturbations in the 

adjacent bilayer structure to minimize exposure of hydrophobic interfaces to water.
54

  Thus, 

the lipid bilayer undergoes nanoscale compression or elongation to match the hydrophobic 

interfaces with adjacent proteins.  This hydrophobic matching comes at an energetic cost 

proportional to the length of lipid distortion versus the undistorted hydrophobic length,
55

 

indicating that the optimal lipid tail length for individual membrane proteins will depend on 

the dimensions of protein conformational changes.  Reconstitution of purified membrane 

proteins into artificial lipid bilayers of defined composition (i.e. lipid tail length) has 

illustrated the effects of bilayer thickness matching/mismatching on protein activity 

Raft Phase Fluid Phase 
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including, sarcoplasmic reticulum Ca
2+

-ATPase,
56–58

 the nicotinic acetylcholine receptor 

(nAChR),
59

 the large conductance mechanosensitive channel (MscL),
60

 and the Na
+
,K

+
-

ATPase.
61

 The highest observed activity will be observed in bilayers where the distortion 

energy is minimized. 

 In addition to lipid tail length, membrane proteins also exhibit preferences in binding 

lipid headgroups.  X-ray crystallography and native mass spectrometry have revealed an 

intricate coupling of lipids with specific headgroups to a number of membrane proteins.
62–66

 

For example, a crystal structure for the KcsA channel indicated binding of 

phosphatidylglycerol lipids at non-annular sites, near the protein-protein interface.
67–70

  

Structural studies examining protein assembly in artificial lipid vesicles found that in-vitro 

translated protein monomers displayed higher efficiencies of tetramerization in vesicles 

prepared from PE/PG lipids, according a SDS-PAGE assay.
71

  Single channel recordings in 

artificial lipid bilayers confirmed that POPG containing bilayers enhanced the channel open 

probability, and not POPC or POPE lipids.
68

  These studies indicate that membrane proteins 

contain specific binding sites for headgroup specific lipids.   

 In conclusion, lipid bilayer composition plays a significant role in modulating the 

activity of membrane proteins.  Studies in artificial lipid environments have addressed effects 

of bilayer thickness and lipid headgroup interactions for a number of proteins.  Additional 

bilayer properties should also be considered for interpreting lipid effects on protein activity, 

including effects on local lipid curvature and bilayer deformation.
54

 

1.3.  Membrane Proteins: Ion Channels 

 Ion channels (ICs) are transmembrane proteins which permit the flux of ions across 

the cell membrane.  Sensing domains located on the extracellular or intracellular face of the 
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membrane translate a large range of chemical or physical stimuli (ligands, ions, membrane 

potential, membrane curvature) into an electrical signal.  Membrane electrical signals 

initiated by ICs are responsible for a number of physiological processes including, insulin 

secretion, nerve pulses, muscle contraction, and pain.
72

  Ion channel dysfunction causes a 

host of disease states including neurological, cardiovascular, endocrine, immune diseases. 
73–

77
  Ion channels are classified into three categories (ligand-gated, mechanosensitive, and 

voltage-gated) based on the mechanism of open/closed activation, or gating.  However, some 

channels demonstrate properties in one or more categories.    

1.3.1.  Ligand-gated Ion Channels 

 Ligand-gated ion channels (LGICs) are modulated in a concentration dependent 

manner by small molecules or peptides that bind to the channel.  Structurally, LGICs are 

comprised of an orthosteric binding site, located on the extracellular or intracellular side of 

the membrane, and a transmembrane pore.  Binding of a target analyte or class of analytes to 

the orthosteric site induces a conformational change that is then transmitted to the ion 

conducting pore (Figure 1.8A).  The unique structure of the binding pocket enables highly 

selective sensing in biological complex matrixes.
78

 

 There are three recognized superfamilies of LGICs that are based on channel 

stoichiometry.
3
  The first superfamily is comprised of pentameric channels, including the 

nicotinic acetylcholine (nACh), the γ-aminobutyric (GABA), the glycine (Gly), and the 5-

hydroxytryptamine channels (5-HT).  The second superfamily is the tetrameric, ionotropic 

glutamate receptors.  The third superfamily is the purinergic receptor family (P2X).  Notable 

exceptions to this classification system are the well-studied G protein activated inwardly 

rectifying K
+
-channels (Kir3.X or GIRK) and the ATP-sensitive, K

+
-inwardly rectifying 
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(KATP) channels.  The GIRK channels are a downstream effector of heterotrimeric G protein 

signaling cascades that are activated by the Gβγ subunit.
79

  GIRK channels play crucial roles 

in pain perception and memory modulation.
80

  Whereas GIRK channel dysfunction is 

implicated in epilepsy, Down’s syndrome, and Parkinson’s syndrome.
81

 The KATP channel is 

a heterooctameric ion channel composed of the ATP-binding cassette protein (SURX) and 

inwardly-rectifying K
+
-channel, Kir6.2.

82
  It serves as a metabolic sensor in the brain, heart, 

and pancreas by coupling glucose metabolism to the electrical excitability of cells.
83

  

Increased intracellular glucose metabolism increases the concentration of cytoplasmic ATP, 

which induces closure through the Kir6.2 subunit, and subsequently depolarizes the cell 

membrane.  Dysregulation of proper KATP channel function result in a number of endrocrine, 

neurological, and cardiovascular diseases.
84
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Figure 1.8.  Different mechanisms of ion channel gating.  (A) Ion channels transition 

between a nonconducting, or closed state, and a conducting, or open state.  (B) Ligand-gated 

ion channel open/closed states are modulated by the binding of a ligand to orthosteric binding 

sites located on the extracellular or intracellular compartments. (C &D) Mechanosensitive 

ion channels sense mechanical stresses on the lipid bilayer, such membrane curvature or 

membrane compression.  (E) Voltage-gated ion channels change conformation depending on 

the potential difference across the membrane.    

 

 

1.3.2.  Mechanosensitive Ion Channels 

 Mechanosensitive ion channels are gated by physical stimuli, including touch, sound, 

blood pressure, and temperature.
85

  A consequence of the many different types of 

mechanosensory phenomena is that studies of mechanosensitive channel gating mechanisms 
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have progressed slower than other channels.
86

 Bacterial mechanosensitive channels of Large 

conductance (MscL) and mechanosensitive channel of Small conductance (MscS) are the 

best-studied examples.
87

  Eukaryotic channels which satisfy the conditions to be designated 

as a mechanosensitive channel have not yet been assigned.  The crieteria are:
85

   

(i) The channel must be expressed within the mechanosensory organ to allow for 

sensory function 

(ii) The channel must be required for the response to mechanical stimuli   

(iii) Alteration of the channel properties should alter the properties of the mechanical 

response  

Several ion channel families in eukaryotic systems have been identified, including: 

DEG/ENaC channels, Mec-4 and Mec-10 channels, Two-Pore Domain K
+
 channels, TRP 

channels, and MscS-Like Channels.  However, none of these channels satisfy all three 

criteria thus far. 

 The gating mechanism for mechanosensitive ion channels in both prokaryotic and 

eukaryotic cells is not well understood.  Two mechanisms are proposed, a lipid tension model 

and a tether model.  Bacterial channels, MscS and MscL channels, follow a lipid tension 

model, where reconstituted channels in artificial lipid bilayers are gated by forces within the 

lipid bilayer by interaction with the lipids and protein.  No accessory proteins are needed.
88

  

Figure 1.8C & D illustrate mechanosensitive gating due to membrane curvature and 

membrane compression, respectively.  However, many eukaryotic mechanosensitive 

channels are associated with extracellular or cytoskeletal structures which may also aid in 

channel gating.
85

  Kung has suggested a combined tethered and membrane forces model, 
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where a single tether moves the eukaryotic mechanosensitive ion channel in the membrane 

which changes the forces on the channel, allowing it to open.
89

   

1.3.3.  Voltage-Gated Ion Channels 

 Voltage-gated ion channels (VGICs) sense changes in the electrical membrane 

potential near the channel (Figure 1.8E).  They play critical roles in the generation and 

propagation of action potentials in nerve cells.
90

  VGICs may be selective for Na
+
, K

+
, Ca

2+
, 

or Cl
-
 ions.  The structure of known VGICs show a basic homo- or hetero-tetrameric 

structure, with a single subunit composed of 6 transmembrane loops.
91,92

  Auxillary proteins 

may associate with the tetrameric core, however, the basic voltage-gated properties are 

conserved in the tetrameric structure, indicating that the principal subunits carry the 

necessary structural properties to function.
91

 Membrane potential sensing domains rich in 

charged residues (e.g. Arg, Lys, Glu) reorient near the membrane and allow ion conduction 

through the gate.  In K
+
 and Na

+
 VGICs, voltage sensing domains contain the basic residues 

arginine and lysine.  Conversely, in Cl
-
 VGICs, voltage sensing domains are enriched in 

acidic residues.   

1.3.4.  Patch clamp 

 The patch clamp technique is the “gold standard” for electrophysiologically 

characterizing ion channels.
93

  In this method, established by Sakmann and Neher, a glass 

pipette pulled to a 0.5 – 3 μm tip is gently depressed against the cell membrane, and with 

gentle suction,  a high resistance seal, >10 GΩ (gigaseal), is formed between the membrane 

and pipette.
94,95

  The large seal resistance prevents excessive ion leakage at the membrane-

glass pipette interface, allowing measurement of very small currents (pA) generated by the 



40 

 

opening of a single ion channel.  Current is monitored by Ag/AgCl electrodes placed inside 

the pipette and in the bath solution.   

The exact membrane-glass interactions which facilitate gigaseal formation remains 

unclear, however, divalent cations are required to allow formation.
96

  The membrane-glass 

interaction is exceptionally strong, thus retraction of the pipette after gigaseal formation 

excises a small patch of membrane.  Figure 1.9 depicts the procedural steps for obtaining 

different patch clamp configurations.  The inside-out and outside-out excised patch 

configurations are particularly useful for assessing ligand effects on the intracellular or 

extracellular domains of ion channels, respectively.  Furthermore, excised patches allow for 

studies on single channel dynamics which allow for modeling of channel open/closed 

kinetics. Comparatively, the whole configuration is less technically challenging and yields 

larger currents owing to the large numbers of ion channels in the membrane.  However, 

single channel dynamics are not feasible in this configuration. 
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Figure 1.9  Procedural steps in gigaseal formation and patch clamp configurations.  A 

small tip pipette is brought into contact with the cell surface.  Gentle suction forms a 

gigaohm seal between the pipette and membrane (cell-attached).  Retraction of the pipette in 

the cell-attached configuration excises a small piece of membrane with the intracellular 

bilayer leaflet exposed to the bath solution (inside-out).  Alternatively, application of suction 

or a voltage pulse in the cell-attached configuration causes membrane rupture and provides 

an electrical connection between the pipette and the cytoplasm (whole-cell).  Shortly after 

establishing the whole-cell configuration, the patch pipette can be retracted to excise a piece 

of membrane with the extracellular bilayer leaflet exposed to the bath solution (outside-out).  

The diagram was copied from Hamill, et al., with permission.
94
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1.4.  Artificial Lipid Bilayers 

 Several techniques have been developed which employ synthetic lipids or naturally 

derived lipid mixtures to produce artificial, lipid bilayer analogs of cell membranes.  These 

platforms are greatly simplified membranes useful for the isolated study of lipid or protein 

behavior in the absence of more complex cellular processes (e.g. membrane recycling).
97

  An 

added benefit of artificial lipid bilayers is control over lipid and protein composition.  

Artificial lipid bilayer platforms generate lipid bilayers either in a planar geometry (bicelles, 

planar supported lipid bilayers, tethered lipid bilayers, black lipid membranes) which utilizes 

a hydrophilic or hydrophobic solid support to fortify the bilayer structure, or in a spherical 

geometry (vesicles).  Here we review the major artificial lipid bilayer platforms, as well as 

their associated benefits and drawbacks. 

1.4.1.  Planar Supported Lipid Bilayers 

 Planar supported lipid bilayers consist of a lipid bilayer adsorbed onto a hydrophilic 

solid surface via vesicle fusion of small unilamellar vesicles (SUVs) or by the Langmuir-

Bodgett-Schaeffer transfer technique.
98

  Figure 1.10A shows an example of the PSLB format.  

The use of a solid support provides a more robust bilayer platform than other bilayer 

architectures (e.g. suspended bilayers & liposomes).  One drawback of PSLB systems is the 

close proximity of the lower leaflet  to the support which consequently reduces the free 

diffusion of membrane species relative to other bilayer platforms, e.g. vesicles and 

freestanding bilayers.
99

  The ~1 nm water gap between the bottom leaflet and glass surface is 

unable to accommodate soluble domains of membrane proteins, thus reconstitution of 

membrane proteins into PSLBs can result in diffusionally restricted or immobile proteins, 

owing to strong interactions with the solid support.
100,101
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 To overcome potential protein interactions with the underlying substrate, strategies to 

extend the bilayer from the substrate surface have arisen.  One such way is to deposit a 

polymer on the solid support to form a polymer cushioned phospholipid bilayer (Figure 

1.10B).
102

  The polymer matrix lifts the bilayer above the solid support.  However, even in 

this raised geometry, the fluidity of the bilayer and associated proteins may still be 

compromised.
103

  Alternatively, a tethered monolayer can be deposited on the Au surfaces 

which can support lipid bilayer formation and raise the lipid bilayer nanometers off the 

surface.
104

  This architecture provides a water-filled gap between the substrate and membrane 

protein to better accommodate soluble protein domains, and also provide a more fluid 

bilayer.  Tethered membranes also support membrane protein characterization via 

electrochemical methods, i.e. electrochemical impedance spectroscopy and cyclic 

voltammetry.
105–107

   Favero et al., used a mixed tethered lipid bilayer to successfully 

reconstitute a functional ionotropic glutamate receptor.
108
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Figure 1.10.  Different planar supported lipid bilayer architectures. (A) Lipids can be 

directly deposited onto hydrophilic surfaces via vesicle fusion or Langmuir Blodgett 

techniques to form planar supported lipid bilayers.  A ~1 nm water layer exists between the 

substrate and the lower bilayer leaflet which complicates lateral diffusion and protein 

reconstitution studies.  (B) Polymer cushioned bilayers raise the bilayer up off the solid 

support.  (C) Tethered lipid bilayers use a surface anchored group to raise the bilayer above 

the surface several nanometers, leaving a large water compartment between the substrate and 

the lower bilayer leaflet.  
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1.4.2.  Vesicles (Liposomes) 

 Artificial lipid bilayers may also be formed in spherical geometries (Figure 1.11A).  

Dried lipid films rehydrated in aqueous buffer spontaneously assemble into spherical bilayer 

structures, known as vesicles or liposomes, to minimize exposure of hydrophobic tails to 

water.
109

  Vesicles can adopt a broad range of sizes, ranging from 20 nm – 300 μm.  The size 

distribution of vesicle preparations can be controlled through a process known as extrusion, 

whereby vesicle suspensions are extruded through polycarbonate filters with a predetermined 

pore size.  An advantage of the vesicle architecture is that it offers a free standing membrane 

environment with large (relative to the size of membrane proteins) water compartments on 

both sides of the membrane.  This provides sufficient space to accommodate membrane 

proteins with large soluble domains.   

 The activity of membrane proteins reconstituted into liposome structures can be 

quantified through fluorescent or ion uptake assays.  Radioactive ion uptake assays for ion 

channels and membrane transporters provide a well-established liposome-based functional 

assay.
110

  In this method, protein functionalized liposomes (proteoliposomes) are formed in a 

suitable buffer and lipid composition.  A radioactive tracer (e.g. 
86

Rb
+
), which is permeable 

to the ion channel/transporter, is aliquoted into the proteoliposome mix and allowed to 

equilibrate with the inner vesicle volume for min – h, depending on the activity of the protein 

(Figure 1.11B).  The proteoliposomes are collected, passed through an ion-exchange column 

to scavenge non-encapsulated radiotracers, and then quantified using scintillation 

counting.
110

  Radioisotope uptake assays are commonly employed to examine the function of 

purified ion channels.
111–113

  A fluorescent variant of the assay may be implemented by 

encapsulating fluorescent ion-selective dyes or membrane potential dyes into liposomes and 
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monitoring the accumulation of ions into the liposomes or the change in membrane 

potential.
114

  This method has advantages over the radioisotope uptake method in that it is 

safer and easier to implement in a high throughput fashion.
114

 

 Ion channels reconstituted into giant unilamellar vesicles (GUV) enable 

electrophysiological characterization via patch clamp assays.
115

 Patch pipettes depressed on 

the surface of GUVs can readily form gigaseals, similar to cells.
116

 Several ion channels have 

been characterized in this format, including inwardly rectifying K+-channels,
113,117

 voltage-

gated channels,
118

 and mechanosensitive channels.
119
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Figure 1.11.  Example of liposome structure and liposome-based ion channel functional 

assay.  (A) Cross-section of a lipid vesicle.  (B) Schematic for a radioactive ion uptake assay.   

 

1.4.3.   Planar Lipid Bilayers and Black Lipid Membranes 

 Planar lipid bilayers, also known as black lipid membranes (BLMs), are freestanding 

bilayers formed across an aperture in a hydrophobic material (e.g. Teflon or 

polypropylene).
120

  Lipids are dispersed in an organic solvent, e.g. decane, and applied to the 

aperture. The hydrophobic surface causes the lipid tails to orient toward the surface, with 
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hydrophilic headgroups oriented toward the aqueous compartments.  Solvent is excluded 

from the core of the lipid bilayer due to entropic penalties, however, residual solvent remains 

in the lipid bilayer due to the non-ideal mixing of lipid tails and organic solvent, which 

perturbs the bilayer thickness.
121

  It was observed that the membrane thickness could affect 

ion channel properties. 

 To overcome issues with solvent containing bilayers, a folding technique was 

developed which uses the folding of two lipid monolayers prepared at an air-water interface 

to form a lipid bilayer.  A hydrophobic septum containing an ~200 μm diameter aperture 

separates two aqueous compartments with liquid levels below the aperture.  A lipid solution 

containing lipid and a volatile solvent (i.e. chloroform or hexane) is deposited at the top of 

each aqueous compartment and allowed to evaporate.  A lipid monolayer is left remaining.  

Then, the aqueous levels are simulatenously raised above the aperture to form a lipid bilayer.  

In some cases, the aperture is pretreated with a bulky hydrocarbon, i.e. hexadecane, squalene 

or tricosene, to prepare an organic solvent annulus which increases the lipid bilayer 

durability.  One advantage of the folded membrane technique is the ability to prepare 

asymmetric lipid bilayers, i.e. prepare bilayers where the lipid composition of the two 

monolayers are different, similar to asymmetric bilayers found in cellular membranes. 

 Tip-dip bilayers are aptly named because they are formed at the tip of patch 

pipettes.
27

  Tip-dip bilayers were introduced to overcome two issues arising from preparing 

bilayers in large diameter apertures.  The first issue is the limited lifetime of lipid bilayers 

suspended across large apertures, typically on the order of a couple hours.  The second issue 

is increased noise.  Typical membranes prepared from the solvent approach or solventless 

approach have specific capacitances of 0.5 μF/cm
2
 and 0.8-1.0 μF/cm

2
, respectively, and 
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when paired with the large bilayer areas, introduce large input capacitances at the patch 

clamp amplifier headstage.
122

  When coupled with the bilayer capacitance and headstage 

voltage noise, bilayers have higher noise levels than typically observed in patch clamp.  To 

overcome the increased noise, bilayer experiments typically require more filtering to increase 

S/N, and thus utilize smaller bandwidths than patch clamp experiments.  Bilayers formed at 

the tip of patch pipettes with diameters of ~0.5 – 3 μm enabled formation of small area 

bilayers with smaller capacitances which reduced the noise.
27

 

 Tip-dip bilayers are formed by first submerging the pipette tip below the surface of an 

aqueous buffer.  A small aliquot of lipid dissolved in a volatile solvent, e.g. hexane, is 

applied near the pipette tip, and the solvent allowed to evaporate, forming a lipid monolayer 

at the air water interface.  Taking the pipette quickly across the air water interface forms a 

monolayer at along the glass with lipid tails oriented toward air and hydrophilic headgroups 

oriented toward the glass.  Submerging the pipette back into water causes the monolayer to 

contact the monolayer at the air water interface, thus forming a bilayer.
116

  Seal resistances in 

this case are > 10 GΩ.  Some drawbacks of tip-dip bilayers result from the small bilayer area 

which complicates ion channel reconstitution, especially via vesicle fusion.  Additionally, 

fluid is only accessible to the bilayer leaflet facing the bath solution. 

 The BLM format has successfully been used to reconstitute a number of ion channels, 

including the nicotinic acetylcholine receptor,
123

 the ionotropic glutamate receptor, the 

human ether-a-go-go-related channel,
124

 human cardiac sodium (Nav1.5), and GABAA 

receptor.
125
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Figure 1.12.  Schematic for the preparation of black lipid membranes (BLMs).  

Formation proceeds from left to right.  (A) Formation of BLMs across a hydrophobic 

substrate.  Aqueous compartments are separated by a hydrophobic septum.  Lipids are 

deposited at the air-water interface in each aqueous compartment to form lipid monolayers.  

The height of the aqueous reservoirs are both slowly raised above the septum to fold the lipid 

monolayers into a lipid bilayer.  (B)  Formation of BLMs by the tip-dip approach.  A patch 

pipette tip is submerged under buffer.  A small volume of lipid dissolved in a volatile solvent 

is applied near the tip, and the solvent is allowed to evaporate.  Slight suction, or passing the 

pipette tip across the air-water interface twice forms a BLM.  The figure was copied from 

Gutsmann et al.,
116

 with permission. 

 

1.4.4.  Droplet Interface Bilayers 

 Planar lipid bilayers can also be formed at the interface of two aqueous droplets.  

Droplet interface bilayers are formed by application of lipid containing aqueous droplets in a 

bulk solution of n-alkane solvent, typically decane or hexadecane.  At the organic-aqueous 

interface, lipids self-assemble into a monolayer, with lipid tails oriented toward the bulk 

organic solvent.  Usually, two agarose coated Ag/AgCl electrodes act as reservoirs for 

A 

B 
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aqueous lipid solutions.  A lipid bilayer is formed when two aqueous, lipid-containing 

droplets are brought into contact to bring the two lipid monolayers into contact.
126

  

Membrane proteins incorporated into the aqueous droplet spontaneously reconstitute into the 

bilayer region.  DIBs have shown functional reconstitution of ion channels from eukaryotic 

cell membrane fractions,
127

 protein bands in PAGE gels,
126

 and in vitro 

transcription/translation kits.
128

  The DIB system is a simple approach for the formation of 

BLMs.  However, it does suffer from the use of self-confined aqueous compartments which 

entrap lipids, ion channel peptides, and different ligands.  Thus, it is difficult to exchange 

aqueous solution in the droplet without complete removal of one aqueous bead.    

 1.4.5.  Ion Channel Reconstitution into Artifical Lipid Bilayers 

 There are two major forms of ion channel reconstitution methods utilized in literature: 

detergent-mediated reconstitution into lipid bilayers,
129

 or proteoliposome fusion with 

preformed bilayers.
130

  There are distinct advantages to both reconstitution methods, outlined 

below. 

Fusion of proteoliposomes with preformed artificial lipid bilayers appears to be the 

most preferred method of ion channel reconstitution.  This preference stems from several 

properties of ion channels and lipids:  (i) ion channels demonstrate enhanced thermal stability 

in lipid environments, and (ii) membrane proteins reconstituted into proteoliposomes, then 

flash frozen and stored at -80 
o
C, retain activity even after thawing.

131
  Thus large membrane 

protein preparations may be stored for long periods of time.  In this technique, membrane 

proteins are reconstituted into pre-formed or detergent swelled liposomes to form 

proteoliposomes.  Excess detergent is removed by dialysis, size exclusion chromatography, 

or the use of Biobeads, a porous polystyrene bead which preferentially adsorbs detergents.
131
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Technical problems arise from the reconstitution of proteins into liposomes.  In most cases, 

proteins adopt a random orientation in liposome membranes;
130

 however, some proteins can 

insert with a preferred orientation depending on bilayer composition.
132

 Bidirectional 

insertions present additional complications for experiments where the receptor activation 

occurs from one side of the membrane.
132

   

The second approach uses direct insertion of detergent-solubilized membrane proteins 

into lipid bilayers.
129

  Here, detergent-solubilized proteins are added to a solution reservoir 

with the bilayer, such that the mixture is diluted below the detergent critical micelle 

concentration (CMC).  The dissolution of the micelle structure allows the protein to insert 

into the bilayer.  This reconstitution method is simple to implement and allows for controlled 

insertion of proteins to lipid bilayers.  However, release of membrane proteins from micelles 

may promote protein aggregation,
133

 and full detergent removal cannot be achieved as it 

requires infinite dilution.  Residual detergent can alter protein function and bilayer properties. 

 

1.5  Heterologous Expression Systems for Membrane Proteins 

 Membrane proteins (MPs) are naturally expressed in low concentrations and often 

require overexpression to achieve necessary quantities for structural characterization (X-ray 

crystallography, NMR, electron microscopy) and functional characterization.
134,135

  Many 

different approaches have been investigated to facilitate overexpression across bacterial, 

mammalian, insect, and yeast hosts.  Despite these advancements, homologous and 

heterologous expression of membrane proteins still present significant technical challenges 

due to the intrinsic hydrophobic nature of membrane proteins, low overexpression, and 

general protein instability.
136

  Additionally, considerations on host choice for (i) post 
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translational modifications, (ii) proper membrane trafficking, (iii) generation of properly 

folded and functional protein, (iv) and protein toxicity to the host,
137

 must be considered.  In 

most cases, MP, i.e. GPCRs and ICs, follow similar strategies for expression, thus we 

describe general work flows and considerations here. 

 Protein overexpression involves three elements:  a gene, a vector, and a host.  Often, 

it is difficult to identify on first principles which combination of vector and host will 

maximize protein quantity, quality, and ease of purification.  Thus, parallel strategies for 

expression screening with several vector and host combinations are undertaken to maximize 

protein production success rate.   

 1.5.1.  Bacterial 

 Bacterial expression systems, in particular E. coli, are the most used expression 

system for recombinant protein production.  It is a low cost system that has ease of usage, 

short generation times allowing for large biomass production, and most importantly extensive 

knowledge of genetic manipulation techniques for optimizing MP production.
138

  E. coli 

expression systems have a number of vectors, protein folding chaperones, and mutant strains 

to facilitate MP production.
138

   Therefore, bacterial expression systems offer extensive 

possibilities to optimize yield and folding of MPs. 

Bacterial expression systems exhibit three notable differences when compared to 

eukaryotic systems.  (I) Bacterial biological membrane compositions are significantly 

different than eukaryotic cells.  Bacterial membranes are generally devoid of sterols, 

sphingolipids, and polyunsaturated side chains, which may play important roles in stabilizing 

MPs, maintaining function, or facilitating proper folding.
138

  (II)  MP production in bacterial 

system shows two different outcomes, MP inserted into the membranes or sequestered as 
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insoluble protein aggregates, or inclusion bodies (IBs).  IB formation is the most commonly 

observed outcome of eukaryotic MP expression in E. coli.  Functional MP may be recovered 

through denaturation/renaturation procedures involving strong denaturing reagents or organic 

solvents.  Establishing efficient refolding strategies remains the major bottleneck for 

recovering MP from inclusion bodies.
139

  (III)  Bacteria lack the enzymatic systems needed to 

perform most post translational modifications (PMTs).  Despite these challenges, a number 

of eukaryotic membrane proteins have successfully been expressed.
140–142

 

 1.5.2.  Mammalian 

 Mammalian expression systems promote an ideal environment for studying human 

MPs, and are able to perform specific PTMs.  Mammalian systems often produce high 

quality proteins in a functional conformation; however, protein yield is relatively low 

compared to bacterial, insect, or yeast expression systems.
138

  Similar to bacterial expression 

systems, several cell lines are available, e.g. monkey kidney (COS), chinese hamster ovary 

(CHO), human embryonic kidney (HEK) 293, human epitheloid carcinoma (HeLa).  These 

cell lines require growth in serum-supplemented media, incubation at 37 
o
C and require about 

5% CO2 for optimal growth. 

 Two major expression strategies are utilized, transient and stable gene expression.  

For transient gene expression, the gene of interest must be transferred into the cell by either 

transfection of a gene-carrying plasmid or by infection of the cell with a recombinant virus, 

e.g. vaccinia virus, simian virus 40 or Semliki Forest virus.
143

  Transfected cells are 

monitored for 24-72 h until the highest expression levels are achieved before MP isolation.  

Transient transfections are faster at producing MPs than generation of stable cell lines; 

however, protein quantities are limited to the number of cells transfected.  Conversely, stable 
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cell lines are generated by integration of foreign DNA into the cellular genome.
144

  DNA 

integration is a rare event (1:10
5
) and must be identified by using a selection marker to screen 

for stable transfection and to screen for best expression rates.  Several cell lines, such as 

HEK293, BHK-1, CHO-K1, and rat C6 glioma cells, can be cultured in serum-free medium 

and even grown in large culture biofermentors.
136

  Such preparative scale expression has 

achieved 3-9 mg/L culture for rhodopsin derivatives expressed in stably transfected HEK293 

cells.
136

   

 1.5.3.  Insect/Baculovirus System 

 The baculovirus/insect cell expression system has become widely used to express 

membrane proteins.  The baculovirus system relies on the infection of insect cells (Sf9, Sf12) 

with a recombinant virus by replacing non-essential areas of the baculovirus genome with the 

gene of interest through homologous recombination.  This system is more expensive and time 

consuming than bacterial systems, but cheaper than mammalian expression systems.  Insect 

cells have similar codon usage as mammalian systems, which allows for better expression 

levels and fewer truncated products than bacterial systems, easier scale up, and some post 

translational modifications that are closer to mammalian cells than bacteria or yeast.  Thus, 

baculovirus/insect expression systems are seen as an intermediate between bacterial/yeast 

and mammalian expression systems.
138

  Optimized culture conditions achieved 30-40 mg 

bovine rhodopsin in a 10 L bioreactor.
145

 

 1.5.4.  Yeast 

 Recently, yeast expression systems utilizing Saccharomyces cerevisiae (S. cerevisiae) 

or Pichia pastoris (P. pastoris) have gained popularity for membrane protein production.
146

  

Yeast perform many post-translational modifications observed in higher order eukaryotic 
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cells (glycosylation, disulphide-bond formation and proteolytic processing), while exhibiting 

short growth times similar to E. coli.  Importantly, yeast systems are highly suitable for large 

scale growth in tightly regulated bioreactors, allowing for ultra-high cell densities ( >100g/L 

dry cell weight).
146

   

 MP production in yeast has almost exclusively utilize genome integrating vectors 

containing tightly regulated inducible promotors (gene transcription is activated by a 

chemical additive introduced into the growth media).
147

  Stable transformants are generated 

via homologous recombination between the vector DNA and regions of homology within the 

genome (crossover event).   Single crossover events (insertions) are the most common 

outcome of DNA integration, however, multiple insertions spontaneously occur with varying 

probability.  As a result, clones must be selected upon the basis of gene copy number and 

protein expression levels; however, higher copy numbers do not necessarily correlate with 

higher target protein expression.
148

   

 Strain specific yeast systems have been developed to aid successful membrane 

protein expression and provide additional selection markers beyond antibiotic usage.  S. 

cerevisiae knockout strains missing essential ion transporters exhibit reduced viability under 

low salt concentration conditions.  Upon successful expression of transporters or ion 

channels, organism survival is rescued, indicating successful expression and cell membrane 

trafficking.  For example, the double K
+
 transporter knockout strain, SGY1528, Δtrk1Δtrk2, 

was used to study viral and mammalian K
+
 channels.

149
  For P. pastoris, Lundstrom et al., 

demonstrated the SMD1163 strain (his4, pep4, prb1) was capable of successfully expressing 

>100 GPCRs, similar to studies with Semliki Forest Virus mammalian cell systems and twice 

as much as E. coli systems.
150
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 Overall, yeast expression systems have been highly successful at heterologous 

expression of membrane proteins.  Indeed, an increasing number of crystal structures of 

GPCRs and ion channels have been achieved by these strains.
146

 

 

1.5.5.  Cell-free Expression 

 Heterologous expression of membrane proteins is a laborious and time-consuming 

process that requires individualized optimization of each desired protein.
151

  Recently, cell-

free expression has emerged as a widely applicable system for generating membrane proteins 

from DNA or mRNA by using cellular extracts which contain ribosomal machinery, amino 

acids, and metabolic energy for the production of functional ion channels and G-protein 

coupled receptors.
152,153

  Extracts from several species are commercially available, including 

E.coli, wheat germ, insect, rabbit reticulocyte, and human-cell derived extracts, allowing for 

host-specific expression. 

Cell-free expression exhibits several advantages over heterologous expression.  First, 

it is faster and more time efficient method for protein production.  Second, cell-free 

expression bypasses many problems encountered in heterologous expression in cellular 

systems, including issues in protein trafficking and translocation, post-translational 

modifications, proper folding, formation of inclusion bodies, proteolytic attack, cytotoxicity, 

and oxidative stress.
154

  Third, cell-free expression is an open system; chemical additives 

may be added during the process to facilitate proper folding of membrane proteins.   Some 

additives include detergents, liposomes, nanodiscs, and bicelles.
155

  Finally, the gene of 

interest may be introduced in a plasmid containing a N- or C-terminal purification tag, e.g. 

6xHis, GST, or HA-tags, which enable protein purification as one would with recombinant 
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proteins.  Thus, cell-free expression offer highly flexible systems for recombinant production 

of membrane proteins. 

   A number of ICs have been functionally expressed using cell-free expression, and 

reconstituted into pre-formed artificial lipid bilayers, including IRK1,
156

 KcsA,
157

 Shaker K
+
 

channels,
158

 and hERG channels.
157

   

 

1.6.  The Current State of Ion Channel-Based Sensors 

 Recently, there has been an increased interest in utilizing natural and artificial ICs in 

sensing applications because of key features in signal amplification and transduction.  

Binding of a single or few analyte molecules to ligand-gated or ligand-modulated ICs 

modulates the flux of ions across the membrane, in a label-free manner.
78

  Typical ion 

channels transport >10
6
 ions/s, thus they act as amplifiers with a million-fold signal 

amplification.
97

   The picoampere changes in current between the open/closed states are 

readily measureable by commercial amplifiers.  As a result of the single-molecule selectivity,  

high-sensitivity, and signal amplification ICs are attractive sensing elements for biosensor 

design.  Here, we review current IC sensor platforms. 

1.6.1.  Cell-Derived Ion Channel Sensors 

 1.6.1.1.  “Sniffer Patches” 

Patches of cell membrane rich in ligand-gated ion channels have been used as in vivo 

sensors for single cell analysis.
159,160

  These sensors, termed “sniffer patches,” combine the 

high sensitivity of ion channels with the necessary spatiotemporal resolution required to 

measure single exocytosis events.  The outside-out configuration of the patch clamp method 

is used to excise a receptor-rich membrane patch from a donor cell, and use this patch as a 
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biosensor.
161

  To date, the following neurotransmitters have been detected by this technique: 

ACh, Glu, Gly, ATP, and GABA.
160

  Additionally, using a technique called “sniffer 

cramming,” insertion of membrane containing secondary-messenger ion channels into cells 

has enabled detection of intracellular messengers such as IP3, Ca
2+

, cAMP.
162

   

 However, several traits have prevented the “sniffer patch” technique from becoming a 

quantitative ion channel sensor.
160

  Membrane patches are stable for up to 30 min after 

excision from the cell membrane.  During the limited lifetime of the sniffer sensor, the patch 

must be calibrated with ligand solutions to generate a dose-response curve, and exhibit 

minimal desensitization over the experiment time course.  Furthermore, the receptor density 

varies between different excised patches, requiring individual patches to be calibrated.   

1.6.1.2.  Whole Cell Sniffers 

Whole cells that stably express a ligand-gated ion channel with an extracellular 

sensing domain are an alternative strategy to detect vesicular release of a range of molecules 

from cells in coculture.
163

  The whole-cell sniffer technique was first described by Young and 

Poo to study acetylcholine release during early events in neuromuscular synapase 

formation.
161

  Subsequent studies employing this technique have examined quantal release of 

ATP from rat chromaffin cells using a P2X purinergic receptor,
164

 GABA release from brain 

slices using the GABAA receptor,
163

 and glutamate.
165

 

The whole cell sniffer sensor has distinct advantages and disadvantages with respect 

to sniffer patches.  The two main advantages are (i) the sensor cell directly contacts the cell 

of study and (ii) sensing occurs over a larger area with a higher number of ion channels.  

Direct cell contact reduces diffusional distances after vesicular release, leading to overall 

higher concentrations of detected molecules.  Additionally, the larger detection area utilizes 
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higher number of ion channels which amplify the measured signal.  Both advantages result in 

50-100-fold increase in sensitivity over excised patches.
160

 

 Conversely, both advantages of whole cell sniffers are also disadvantages.  The larger 

whole cells have less discrete sensing areas than excised patches, thus localization of release 

sites becomes difficult.  Furthermore, quantitation with a whole cell sniffer is challenging 

because the sensing area actively involved in detection is unknown, so current amplitudes 

may not be directly relatable to dose-response curves derived from entire cell membranes.  

Nonetheless, whole cell sniffers remain a powerful tool for selective detection of analytes 

secreted from cells. 

An example of sniffer patch and whole-cell sniffer detectors for capillary 

electrophoresis separations was described by the Zare group.
166,167

 Here, a whole-cell or 

membrane patch detector was employed as an end column detector in capillary zone 

electrophoresis.  Modulations in whole-cell or patch currents indicated the migration order of 

the analytes, demonstrating the novel, label-free, and sensitive method for the detection of 

biological ligands and drugs.  However, ion channel desensitization was a common 

complication.
168

   

1.6.2.  Nanopores 

 Broadly speaking, nanopores are nm-sized holes (1-5 nm) which are formed by 

proteins or in a solid-state material.  Since the dimensions of these pores are on the order of 

small molecules, large proteins, and supramolecular complexes (e.g. DNA), nanopores have 

found use as single-molecule sensors.
169

  Nanopores utilize coulter counting, or resistive-

pulse sensing, to monitor changes in pore conductance as compounds translocate through the 

pore either due to an electrical field (Figure 1.13B) or by passive diffusion.  Analytes are 
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identified by the magnitude of the blockade current and duration of the blockade (Figure 

1.13C).
170

  Two classes of nanopores have been described in literature, biological 

nanopores,
171

 which utilize pore-forming proteins, and solid-state nanopores, which use 

machining in solid-state materials to generate nm-sized apertures.
172

 

1.6.2.1.  Biological Nanopores 

 Nanopores prepared from proteins take on well-defined and reproducible geometries 

and display high sensitivity current recordings, making them useful for single molecule 

analysis.  Most biological nanopores are derived from α-hemolysin (αHL) due to its pore 

diameter and repeatable self-assembly in planar lipid bilayers.
173

  αHL is an exotoxin (~34 

kDa) secreted by Stapholococcus aureus that associates with lipid bilayers and then self 

assembles into a heptameric mushroom-shaped, weakly rectifying protein pore consisting of 

a membrane spanning β-barrel stem and a water-soluble ‘head.’  Figure 1.13A illustrates the 

heptameric structure of αHL in a membrane.  The narrowest portion of the lumen is 1.4 

nm.
170

  Other pore proteins have also been studied, including OmpF.
169

  Unlike ligand-gated 

ion channels which exhibit intrinsic affinity for endogenous ligands, biological nanopores 

lack molecule specific recognition elements needed for selective detection of single-

molecules.  To overcome this limitation, researchers have introduced different adapters 

which are affixed into the lumen of the channel through electrostatic or covalent interactions 

to provide needed chemical selectivity for single-molecule measurements. 

 One of the earliest molecular adapters for αHL was the cyclic sugar, β-cyclodextrin.  

The sugar resides in the pore on the order of several hundred microseconds without an 

applied potential to several milliseconds depending on the pH and applied voltage.
174

  The 

adapter restricted the dimensions of the αHL lumen, enabling more sensitive detection of 
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nucleotides.
175

  Other adapters have been described, including covalent adapters based on 

selective modification of residues lining the pore of αHL.
173

  These adaptors have been used 

as transducers for DNA sequencing, single-molecule sensing, and drug and safety 

screening.
169,170,175–181

   

 The non-selective binding of host molecules to molecular adaptors used for nanopore 

sensing makes identification of analytes in complex mixture challenging.  Conversely, the 

use of protein adaptors as biorecognition elements in nanopore sensing would utilize the high 

specificity of the protein for binding molecules.  Soskine et al. demonstrated that folded 

proteins are capable of entering the lumen of type I ClyA-AS, an engineered dodecameric 

nanopore.
182

  Two model E. coli proteins, AlkB demethylase (Mw = 25 kDa) and 

dihydrofolate reductase (Mw = 19 kDa), were used in these studies.  Both proteins displayed 

relatively long residence time (several hundred milliseconds) in the lumen of ClyA.  Ligand 

addition to protein adapter nanopores induced fluctuations in the current blockade, and 

different ligands modulated the current blockades.   
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Figure 1.13.  Example of biological nanopore structure and current blockade events.  
(A) Structure of the α-hemolysin pore.  (B) Representative resistive-pulse sensing current 

blockades as molecules translocate across the pore for representative voltages.  (C) 

Representative current blockade event and dwell time (duration).  Figures reproduced from 

Ying et al.
183

 

 

 1.6.2.2.  Solid-State Nanopores 

 Solid-state nanopores are fabricated from solid-state materials (e.g. silicon, Al2O3, 

and graphene).  These nanopores offer a few advantages over biological nanopores, (i) in that 

they do not require lipid bilayers for proper function, (ii) the pores are more stable to harsh 

chemical conditions, and (iii) can be fabricated into nanoarrays.
184

  However, current solid-

state nanopores lack the rich chemical functionalities and surface functionalization 

possibilities that biological nanopores exhibit, nor has any solid-state nanopore fabrication 

process achieved as precise and reproducible pore dimensions as biological pores.
172

  

Nonetheless solid-state nanopores have found potential application in DNA sequencing, 

control of molecular transport, and monitoring of protein-interactions. 

 

A B 

C 
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1.6.3.  Molecular Switches 

 Protein engineering of large pore forming proteins for a variety of ion channel 

sensing applications has been limited in widespread use because of the technical expertise 

involved in (i) planar lipid bilayers and (ii) molecular biology.
169

  Alternatively, using low 

molecular-weight ion channel forming peptides as starting material for ion channel design, 

which are available at low cost, high purity, and good stability, would enable rapid design of 

a diverse set of ion channel sensors with tailored functionality.
185

  Recently, several groups 

have demonstrated that engineering specific chemically reactive agents onto the C-termini of 

gramicidin or alamethicin enables selective modification of the peptide with extramembrane 

sensing moieties which extend the sensing capabilities of these peptides.  Binding of ligands 

specific to the extramembrane moieties modulates peptide oligimerization, and thus ion 

channel formation.  We discuss several of these peptide-based ion channel sensing platforms 

below.  

1.6.3.1  Gramicidin 

 Gramicidin A monomers are reacted to form gramicidamine or gramcidazide reactive 

derivatizes which are functionalized through NHS- or Cu(I) catalyzed click reactions, 

respectively, to enable rapid preparation of pores with tailored functionality.
186

  These 

sensors have been shown to detect changes in charge near the mouth of gramicidin, protein-

ligand binding events, and gating by light. 

 Single channel recordings of various gramicidin derivatives demonstrated that ion 

conductance is dependent on the functional group present at the entrance of the pore.  Mayer 

et al. demonstrated through three biochemically relevant reactions that gramicidin derivatives 

could monitor chemical reactions by measuring conductance states of gramicidin.
185

  In the 
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first application, alkaline phosphatase was used to dephosphorylate a C-terminal phosphate 

group (gA-P) on gramicidin A.  Here, a decrease in conductance was observed as gramicidin 

was dephosporylated.  In the second application, a highly positive charged substrate for 

Anthrax lethal factor (LF) peptide was covalently attached to gramicidin to prevent 

partitioning into the membrane.  Prior to addition of LF to solution, no ion channel activity 

was observed.  Upon addition of LF, however, an increase in macroscopic channel activity 

was observed.  In the third experiment, single channel recordings were used to monitor 

activity of phospholipase C and D.  The enzymes hydrolyze PC groups on the membrane, 

turning the zwitterionic headgroups into negatively charged lipids.  The increase in 

negatively charged lipids increases the positively charged ions in the vicinity, increasing the 

single channel conductance of ions in the gramicidin pore.   

 Gramicidin pores functionalized with substrates specific for enzymes could be used to 

monitor protein-ligand binding events.
187

  A sulfonamide functionalized gA formed 

functional ion channels in lipid bilayers, as evidenced by macroscopic currents.  Addition of 

carbonic anhydrase (CA) to the aqueous compartments abolished ion current through the 

membrane.  It is unclear how CA inhibits channel formation, though addition of free 4-

carboxybenzenesulfonamide to solution results in restoration of ion channel currents. 

 In the last demonstration, a light-responsive spiropyran modified gA was produced.
188

  

Use of UV or visible light reversibly interconverted the uncharged spiropyran moiety to a 

positively charged merocyanine form in acidic solutions, making it possible to control the 

charge at the opening of the pore, and thus ion conduction properties of the pore. 
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1.6.3.2.  Alamethicin 

 Alamethicin is a pore-forming peptide antibiotic that exhibits ion channel activity in 

lipid bilayers.  Noshiro et al. converted alamethicin into a Ca
2+

-gated artificial channel 

protein (Rf50-CaMc) using Alamethicin (Rf50) as a transmembrane segement and the C-

terminal domain of calmodulin (CaMc) as a Ca
2+

-sensitive extramembrane segment.
189

 Real-

time sensing of Ca
2+

 was performed.  Kiwada et al. prepared an Fe(III)-sensitive alamethicin 

channel by appending a Fe(III) binding peptide to the alamethicin tail.  In the presence of 

Fe(III) the extramembrane segments are chelated by Fe(III) and inhibit extramembrane 

segment interactions, allowing ion translocation through the alamethicin pore.  In the 

presence of EDTA, the extramembrane segments are free to interact near the mouth of the 

channel pore, thereby inhibiting ion conduction.     

 

1.7.  Overview 

The work presented in the following chapters is an investigation into the fabrication 

of an artificial lipid bilayer sensor platform employing ligand-gated ion channels as 

biorecognition elements.  In this sensor paradigm, binding of a target analyte to an IC 

modulates the ion flux properties of the IC in a label-free manner, with high sensitivity and 

often times with single-molecule selectivity.  Despite the growing number of available ICs 

and artificial lipid bilayer platforms for IC reconstitution, significant work remains in 

defining the analytical performance capabilities of IC sensors.  Specifically, few studies have 

described platforms for making measurements with rapid temporal resolution and high 

sensitivity.  To address some of these challenges, we focus on defining the response time of 
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IC sensors, and also work on the expression and purification of model ligand-gated ion 

channels. 

Chapter 2 presents a broadly applicable conductance-based approach for the 

quantification of ion channel activity.  We discuss strategies to enable implementation of fast 

conductance measurements with 30 ms resolution, using lipid bilayers suspended across 

apertures in glass micropipettes.  Furthermore, we illustrate the feasibility of the 

conductance-based approach to monitor dynamic changes in ion concentration. 

Chapter 3 explores further improvements to the glass micropipette bilayer platform to 

enhance the temporal resolution of conductance-based measurements.  Here, fabrication of a 

low capacitance bilayer platform enabled low-noise recordings up to 10 kHz, and 

development of a conductance protocol which realizes sub-millisecond temporal resolution. 

Chapter 4 describes expression, purification, and reconstitution of a well-studied ion 

channel, Kir6.2, from a mammalian expression system, HEK293.  Kir6.2 will serve as the 

model ligand-gated ion channel for this sensor work.  We develop an expression, 

purification, and reconstitution scheme for obtaining functional Kir6.2, and further evaluate 

channel sensitivity to antagonists in artificial lipid bilayers. 

Chapter 5 describes the expression and characterization of G-protein coupled 

receptor-ion channel fusion proteins in HEK293 cells.  GPCRs are the largest membrane 

protein superfamily in humans, which control a diverse range of physiological functions.  In 

ICCRs, Kir6.2 acts as an ion channel reporter for the conformational state of the GPCR.  

Incorporation of ICCRs into artificial lipid bilayers will facilitate development of IC sensors 

which are sensitized to GPCR ligands, thus expanding the detectable chemical space.  

Towards this goal, we characterized the expression and function of two ICCRs, the 
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muscarinic acetylcholine receptor, M2, and the dopaminergic, D2, ICCRs in HEK293 cells.  

We demonstrate that the channels are functionally expressed in the cell membrane.  
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CHAPTER 2:  ENHANCED TEMPORAL RESOLUTION WITH ION CHANNEL-

FUNCTIONALIZED SENSORS USING RAPID CONDUCTANCE MEASUREMENT 

2.1.  Introduction  

Label-free detection of analytes lacking optical (e.g. fluorescence) or electrochemical 

activity presents a number of challenges for rapid, sensitive analysis in complex samples.  In 

recent years, ligand-gated or ligand-modulated ion channels (ICs) have been investigated to 

address this challenge.
78,97,170

  Binding of a target analyte to an IC modulates the ion flux 

through the IC, which can then be detected electrochemically, providing label-free detection 

with single-molecule selectivity and often with very high specificity due to the nature of 

ligand-IC interactions.  This measurement paradigm has initiated a widespread interest in 

using natural and engineered ICs,
78,97

 as well as engineered pores
170,181

  and molecular 

switches,
186,190

 as transducers in numerous analytical measurement platforms, including DNA 

sequencing,
178,180

 single-molecule sensing,
176,177,179

 drug and safety screening,
171,191

 reaction 

monitoring,
185,192

 and protein-IC studies.
187,193

      

IC-functionalized sensor platforms require a lipid bilayer, usually a black lipid 

membrane (BLM) or planar lipid bilayer, to ensure proper IC function.
159

  Recent studies on 

IC-functionalized sensors have addressed some of the technical challenges associated with 

the use of BLMs and ICs, including the mechanical stability of the bilayer,
106,194–196

 

automation of the BLM formation process,
197–199

 methods to create BLM arrays
200,201

 and IC 

production, isolation, and reconstitution.
131

   

Comparatively little effort has been devoted to preparing IC-functionalized sensors 

with rapid temporal response and high sensitivity.  For both stochastic nanopore sensors
202

 

and ligand-gated ICs,
203,204

 sensitivity improves as the number of reconstituted ICs increases, 
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though greater numbers of ICs obscure single channel dynamics often utilized for ligand 

quantitation.  To date, a broadly applicable method for collecting quantitative IC-

functionalized sensor responses with millisecond temporal resolution has not been described. 

In the most common IC-functionalized sensor analysis protocols, either stochastic or 

ligand-gated IC activity is monitored as changes in quantized current flux across the BLM 

due to individual blockade events or opening/closings of a small number (e.g. 1-5) of ICs.  

Due to the ability to resolve ion flux through a single IC, this method is referred to as single 

channel recording. During measurements, the membrane is held at a constant potential for > 

30 s (and up to several minutes) to obtain an ensemble of open/closed or blockade events of 

the IC.
169,172,205

  Acquiring recordings as a function of ligand/analyte concentration can 

generate dose-response curves to assess IC activity.  Measurements requiring minutes to 

perform cannot monitor many dynamic biological processes, such as single cell exocytosis, 

which occur on the ms to s timescale.
206

  The collection time required to obtain statistically 

valid measurements during single channel recordings restricts the accessible temporal regime 

while the requisite small numbers of ICs limits sensitivity and dynamic range. 

Conversely, monitoring the activity of many channels simultaneously allows 

measurement of the net membrane conductance.  As ligands bind to and dissociate from ICs, 

the net ion flux across the membrane is modulated in a concentration-dependent manner. The 

membrane conductance is measured from the slope of an i-V curve, generated from the 

steady state membrane current as a function of applied voltage (V).
205

  The acquisition rate of 

this approach is limited by two factors.  First, the capacitive charging of the membrane that 

occurs upon a step change in voltage must decay sufficiently prior to measuring IC current.  

Second, membrane currents must be sampled at several voltages to obtain the slope of the i-V 
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curve.  While the conductance measurement protocol is more complex than the single 

channel recording protocol, it may be more reproducible because: a) a larger number of ICs 

can be monitored which enhances S/N, b) the integration of multiple ICs reduces the effects 

of IC rundown and inactivation, and c) the membrane conductance is calculated from 

measurements at multiple applied voltages, thus averaging noise at a given potential.  

Furthermore, since dose-response curves are based on normalized membrane conductance in 

the presence and absence of ligand, lipid bilayers containing differing numbers of 

reconstituted ICs may be compared.  In contrast, single channel recordings depend on 

absolute channel activity. 

In this work, we explored the parameters that influence the minimum total acquisition 

time of individual conductance measurements of ICs in BLMs, a key step in the further 

development of label-free, IC-functionalized sensor platforms.  Through identification and 

subsequent optimization of key experimental parameters, conductance-based measurements 

of gated-IC activity were performed with 30 ms temporal resolution, a timescale enabling the 

measurement of fast, dynamic biological processes. 

 

2.2.  Materials and Methods 

2.2.1.  Chemicals and materials 

KCl, CaCl2, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane sulfonic acid (HEPES), and 

Gramicidin A (gA) were purchased from Sigma Aldrich (St. Louis, MO).  3-(Cyanopropyl)-

dimethylchlorosilane was purchased from TCI America (Portland, OR).  1,2-Diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC) was purchased from Avanti Polar Lipids (Alabaster, 

AL).  HNO3 was purchased from Mallinckrodt (St Louis, MO).  Ethanol (EtOH) was 
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purchased from Decon Labs (King of Prussia, PA) and acetonitrile (ACN) was purchased 

from EMD Millipore (Darmstadt, Germany).  All compounds were used as received. 

2.2.2.  Pipette fabrication and modification   

Pipettes were fabricated with aperture sizes of ca. 20 µm or 3-6 µm.  Fabrication of 

large aperture pipettes was described previously;
196,207

  Briefly, 1.5 mm (o.d.) x 1.1 mm (i.d.) 

borosilicate capillaries (World Precision Instruments, Saratosa, FL) were pulled to a sharp tip 

using a Sutter Flaming-Brown P-97 micropipette puller (Sutter Instruments, Novato, CA), 

broken to an opening of ca. 150 μm in diameter, and fire polished using a Narashige MF-900 

microforge (Narashige, Japan) to produce a nominal aperture diameter of 20 µm.  Prior to 

use, individual pipette diameters were measured via microscopy.  All large aperture pipette 

experiments described herein were performed with a single pipette to minimize technical 

variation. 

Small aperture pipettes were prepared using a multi-step heating/pulling process that 

generated an aperture of ca. 10 µm.  Pressure polishing
208,209

 was then performed to produce 

a tapered geometry with a 3-6 µm aperture.  In this process, 40-60 psi is applied to the pipette 

by compressing air in a 10 mL plastic syringe while the tip is simultaneously fire-polished.  

The desired angle and aperture size can be achieved by controlling the air pressure and 

duration.  After fabrication, the exterior of small aperture pipettes was coated with Sylgard 

184 (Dow Corning Corporation, MI) beginning ca. 200 µm above the tip for 2-3 mm to 

minimize the effects of capacitive charging of the thin glass near the tip.  Both large and 

small aperture pipettes were silanized to support BLM formation as previously 

described.
196,207

 Briefly, pipettes were soaked in 0.1 M HNO3 for 30 minutes, followed by 

rinsing consecutively with copious amounts of H2O, ethanol (EtOH) and dry acetonitrile 
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(ACN).  Pipettes were backfilled with 2% (v/v) 3-(cyanopropyl)-dimethylchlorosilane in 

ACN and stored in the same solution for 12 h.  Pipettes were then rinsed consecutively with 

ACN, EtOH, and H2O, followed by drying in air.  Pipettes were best silanized at ambient 

relative humidity (RH) ≤ 30%.  In higher humidity conditions, pipettes were heated at 120 ˚C 

for 1 h and then immediately transferred to a Terra Universal humidity control box 

(Anaheim, CA) set at RH = 15% for silanization. 

2.2.3.  Lipid preparation and BLM formation   

DPhPC dissolved in chloroform was dried under a gentle stream of Ar and 

lyophilized overnight.  Dried lipid was resuspended in n-decane to a final concentration of 10 

mg/mL.  BLMs were formed at room temperature (22 ˚C) and RH ≤ 30%.  Procedures for 

BLM formation on large aperture pipettes have been described previously.
196,207

 Lipids were 

deposited on the interior walls of the pipette by filling the it with ~1 µL of lipid solution via 

the aperture and applying a gentle stream of air to disperse the solution into the pipette.  

Pipettes were then backfilled with recording buffer (1.0 M KCl, 5 mM HEPES, pH 7.4).  The 

pipette aperture was submerged into a bath solution (recording buffer) and 1 μL lipid solution 

was applied near the aperture at the pipette tip.  A disposable, plastic pipette tip was gently 

dragged across the aperture, then the aperture/pipette was briefly withdrawn and then 

submersed in the bath to remove excess lipid.  If a BLM was not formed after submersion, a 

fresh disposable pipette tip was dragged across the aperture to thin the lipid film.  BLM 

formation was verified by applying a 1 V, 10 ms pulse which caused the BLM to rupture and 

return to open aperture resistance (ca. 20 kΩ).  When the aperture was clogged, e.g. by a 

lipid/decane plug, the voltage pulse was insufficient to yield the characteristic, large decrease 
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in resistance.  When a BLM was present, it reformed spontaneously after rupture or after 

dragging a fresh pipette tip across the aperture. 

BLMs were formed on small aperture pipettes using a tip-dip process.
27,210

  The 

pipette was first backfilled with recording buffer and then submerged in the bath solution. At 

the surface of the bath, 1 L of lipid solution was applied near the pipette tip, and then the 

pipette was raised slowly out of the solution to remove excess lipid and then quickly re-

immersed.  A large increase in resistance was observed, typically from less than 100 kΩ to 

greater than 50 GΩ, and BLM formation was verified by applying a 1V, 10 ms pulse which 

caused BLM rupture.  Quickly withdrawing and re-immersing the pipette in the bath solution 

was sufficient to reform the BLM.     

2.2.4.  Single channel recordings, BLM conductance measurements, and analysis 

of BLM capacitive currents   

All electrophysiological measurements were performed using a HEKA Electronik 

EPC-10 Double patch clamp amplifier (Germany) using PatchMaster software (v2.73).  Data 

were digitized at 20 kHz and filtered at 1 kHz, unless otherwise specified.  BLM conductance 

was measured using several multi-step voltage protocols described in Results and Discussion.  

All protocols were evaluated against a 21-point reference protocol that applied 50 ms 

potential pulses ranging from -100 to +100 mV, in 10 mV intervals.  Each pulse was 

preceded by a 10 ms rest at a holding potential of 0 mV and followed by a 1000 ms rest to 

ensure the bilayer capacitance was fully discharged before proceeding to the next potential 

step.   The slope of the i-V curve is the BLM conductance, GBLM (pA/mV), and the 

resistance, RBLM, is (GBLM)
-1

. 
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A 1 mg/mL stock solution of gA in EtOH was prepared and stored at 4
o 

C for up to 

two weeks.  For use, the solution was diluted to 1 µg/mL in EtOH and 0.5 – 1 µL aliquots 

were injected into the bath solution at a position ca. 5 mm from the pipette tip while 

monitoring current at a holding potential of -100 mV.  The process was repeated until the 

desired number of gA channels was incorporated into the BLM. 

2.2.5.  Estimation of Input Capacitance   

Capacitive currents from the amplifier, electrode, pipette, and pipette holder (input 

capacitance) were estimated using an established technique, whereby a pipette filled with 

recording buffer (1 M KCl, 5 mM HEPES, pH 7.4) was depressed several micrometers 

against a ball of Sylgard 184 adhered at the bottom of a 35 mm petri dish.
211

  Seal resistances 

were typically > 200 GΩ.  Voltage pulses 200 ms long and ranging from -100 mV to + 100 

mV in 10 mV steps were applied, and current traces were digitized at 50 kHz and filtered at 

1kHz.  These traces, assigned the input capacitance, were subtracted from traces measured 

with pipettes (submerged to the same depth in recording buffer) that were functionalized with 

BLMs, yielding traces assigned to the BLM.  A single pipette was used to minimize 

variability in pipette geometry and bilayer area. 

2.2.6.  Determining BLM Capacitance   

To determine BLM capacitance contributions, BLMs were held at a DC offset and a 

10 Hz square wave was applied.  Capacitive currents were integrated and charge was 

converted to capacitance by normalizing the charge to the known capacitance in the model 

cell, MC-10 (HEKA Electronik).  BLM capacitance as a function of applied voltage was 

found to follow the equation
212–214

 

𝐶𝑚 =  𝐶𝑜 (1 +  𝛼𝑉𝑚
2) (1) 
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where Cm is the membrane capacitance at a particular voltage, C0 is the membrane 

capacitance at 0 mV, α is fitting variable, and Vm is the membrane voltage. 

2.2.7.  Response time measurements and analysis   

A dual-port perfusion apparatus (Figure 2.1) was fabricated from a 1.5 mm o.d. x 1.1 

mm i.d. borosilicate, two-barrel theta capillary (Sutter Instruments, Novato, CA) pulled to a 

thin tip using a pipette puller.  The capillary tip was broken to produce two outlets, each 50-

100 µm i.d., using an approach similar to that described for 20 μm apertures.  Fused silica 

capillary tubing, 365 µm o.d. x 100 µm i.d. (Polymicro, Phoenix, AZ), was inserted into the 

backside of each barrel of the theta glass pipette and sealed with cyanoacrylate glue.  The 

other end of each capillary tube was glued into the opening of a blunt 20-gauge, luer-fitted 

needle to provide a connection to a syringe.  A dual syringe pump (Harvard Instruments) 

provided solutions to the perfusion tip at a rate of 50 µL/min.  The capillary tip was mounted 

on a micromanipulator (Sutter Instruments, Model MP225) which was used to laterally 

translate the tip at a rate of 3 mm/sec over a distance of ca. 70 µm to rapidly switch between 

solutions in ≤ 30 ms. 

The two flow channels of the theta capillary were used to deliver recording buffer or 

Ca
2+

 solution (1 M CaCl2 dissolved in recording buffer, pH 7.4) to the tip of a pipette 

backfilled with recording buffer.  The 10-90% response time of the solution exchange was 

determined by laterally translating the theta capillary tip to alternately deliver recording 

buffer and Ca
2+

 solution to the pipette tip, which was positioned ~200 μm from the outlet of 

the theta capillary tip, while monitoring the change in current through the pipette aperture at 

a holding potential of -20 mV.     
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Figure 2.1.  Illustration of the fast solution exchange setup.  A)  Image of the theta 

capillary perfusion tip.  B) 40X magnified image of the theta capillary outlet.  The perfusion 

tip was adapted from Sylantyev et al.
215

 C) The BLM/pipette and theta capillary are 

positioned close to each other using two micropositioners, M1 and M2.  Solutions for the 

experiment are supplied by a syringe pump (not shown) flowing at 50 µL/min through 100 

µm i.d. glass capillaries that feed the two channels of the theta glass.  D)  Schematic of the 

BLM/pipette tip and theta capillary tip region.  Solution exchange is achieved by holding the 

BLM/pipette tip at a stationary position, while M2 is rastered to direct different solutions 

across the BLM/pipette tip. 
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2.3.  Results and Discussion 

To perform dynamic measurements, IC-functionalized sensors must display 

acquisition rates at least twice as frequent as the dynamic process under investigation.  The 

temporal dynamics of IC-functionalized sensors are complex, with at least three factors 

accounting for the net response: a) mass transport dynamics at low analyte 

concentration,
216,217

 b) binding kinetics and subsequent conformational changes between IC-

ligand pairs,
108

 and c) the rate at which statistically valid measurements can be obtained.  In 

this work, we focused on the latter in an effort to reduce the overall data acquisition time per 

measurement and enable more rapid conductance-based analysis.  To minimize the effects of 

mass transfer and binding kinetics, we utilized a model channel, gA, which yields a 

conductance similar to native, ligand-gated ICs, and is rapidly and reversibly blocked by high 

concentrations of Ca
2+

 in a manner that mimics ligand gating.   

Conductance-based measurements of IC activity monitor channel currents at a series 

of discrete voltage steps.  Transitioning between voltage steps results in capacitive charging 

currents which must be dissipated prior to the IC current measurement.  Increasing the 

discharge durations increases the total acquisition time by a factor proportional to the number 

of steps required for accurate, reproducible conductance measurements.  To increase the 

temporal resolution of conductance-based measurements, three major criteria were 

investigated here: a) the duration of each step as a function of applied voltage, b) the 

magnitude of each voltage step, and c) the number of voltage steps.   

2.3.1  Comparison of aperture size and capacitive charging characteristics   

We first evaluated the capacitive charging as a function of applied voltage for BLMs 

prepared using DPhPC suspended across glass pipette apertures having an approximate 
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diameter of 20 µm (Figure 2.2A).  Our previous studies have established this size and 

geometry as a robust platform for BLM formation and IC reconstitution of pore-forming 

peptides.
196,207,218

 Representative current traces recorded upon application of voltage steps of 

20, 50 and 100 mV are shown in Figure 2.2B.  In these measurements, the BLM was 

maintained at 0 mV for 10 ms, at which point the indicated voltage was applied for a total 

duration of 200 ms. Capacitive current traces from the BLM obtained after subtracting the 

background charging currents due to the glass and amplifier components are plotted in Figure 

2.2C, and described further below. The peak capacitive charging current and relaxation time 

(defined as the time for capacitive currents to decrease below 3X noise) as a function of 

applied voltage are plotted in Figure 2.2D.  The peak current and relaxation time correlated 

with the applied voltage, with the relaxation time exhibiting greater variability with 

increasing voltage.  These data show that the magnitude and duration of the capacitive 

charging presents a major limitation to performing rapid conductance-based measurements of 

IC activity, which relies upon measurement of steady-state current.  
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Figure 2.2.  Micrograph and electrical properties of a glass pipette with ca. 20 μm 

aperture. (A) Micrograph of a glass pipette with a 23 µm aperture.  (B) Capacitive charging 

traces for a pipette functionalized with a DPhPC BLM as a function of applied potential.  

Steady state currents were background subtracted from each trace for clarity.  (C)  Capacitive 

charging traces for a DPhPC BLM as a function of applied potential after subtraction of 

capacitive charging contributions from the pipette and the amplifier.  (D)  Peak capacitive 

charging currents (■) and relaxation times (●) for the BLM/pipette platform as a function of 

applied voltage (n = 4).  

A B 

C D 
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2.3.1.1. Capacitive Charging Characteristics of the Amplifier and BLM/pipette 

The capacitive charging characteristics of the amplifier and BLM/pipette platform 

were examined to better understand their contributions at different time regimes.  The input 

capacitive current was isolated using an established technique
205,211

 and then subtracted from 

the capacitive current for pipettes functionalized with BLMs to yield the portion assigned to 

the BLM.  The input capacitance contributed ~200 pA of current at the initiation of a 

potential step, which relaxed within ca. 1 ms with a 1 kHz filter setting (Figure 2.3).  Slower 

charging components are also observed in the traces.   

 

Figure 2.3.  Capacitive currents of pipettes lacking a BLM and sealed with Sylgard 184 

measured at three applied voltages for A) 20 µm aperture pipette and B) 3 µm aperture 

pipette.   

A 

B 
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Figure 2.4.  Equivalent circuit for the BLM/pipette platform.  Cp represents the input 

capacitance of the pipette, electrode, etc. Ra represents the resistance associated with the 

aperture geometry.  Rm and Cm represent the resistance and capacitance of the BLM, 

respectively.   

 

The BLM/pipette platform is analogous to the membrane patch/patch pipette system 

used in the patch clamp technique.  Both systems may be described by the equivalent circuit 

shown in Figure 2.4,
205

  which is comprised of four circuit elements: Cp, the total capacitance 

at the amplifier input (pipette, electrode, etc.); Ra, the series resistance resulting from the 

aperture geometry near the pipette tip; and Rm and Cm, the BLM resistance and capacitance, 

respectively.  The contribution of the BLM to the total capacitive decay was estimated by 

measuring and subtracting Cp (Figure 2.3A).  Cp is the major contributor to the initial current 

spike observed upon application of the voltage step, contributing ~2.4 pF of capacitance.  

The BLM contribution, plotted in Figure 2.2C, dominates capacitive charging in the 2-40 ms 

regime.   

To examine how capacitance varied with voltage for BLMs suspended across 20 μm 

pipettes, BLM capacitive current traces were integrated and compared to a reference circuit.  
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The voltage-dependence of BLM capacitance (Figure 2.5) follows a quadratic function 

described by Equation 1 (r
2
 = 0.991), in agreement with others.

212,213,219,220
  From 0 mV to 

100 mV, BLM capacitance increased by a factor of 2.5, with C0 = 0.915 + 0.003 pF and α= 

1.36 + 0.03 x 10
2
 V

-2
, with no effect on voltage polarity.  This α value is in agreement with 

other BLM data using decane to disperse lipids.
213

  The non-linear behavior results from 

equilibration of the solvent in the BLM and the solvent annulus, as discussed by Gross et al. 

and references presented therein.
212

  Quantitatively, Cp contributes a capacitance similar to 

that of the BLM (ca. 2.5 pF at 100 mV); however, the slower charging of the BLM is the rate 

limiting step.   
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Figure 2.5.  Membrane capacitance as a function of applied potential.  Capacitance was fit to 

Equation 1.   

 

2.3.1.2 Capacitance Cancellation and Series Resistance Compensation 

Capacitance cancellation and series resistance compensation,
221

 both of which are 

routinely used in patch clamp measurements, were implemented in an effort to reduce the 

BLM charging contribution.  To reduce the capacitive charging that accompanies application 
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of a potential to a membrane suspended across an aperture, patch clamp amplifiers have 

integrated capacitance cancellation circuitry.
205,221

  Typically, a capacitor, electrically 

connected to the pipette, injects current in opposition to the charging current using user-

defined time constants to account for fast charging components (input capacitance) and slow 

components (patch membrane).  This circuit allows estimation and correction of capacitive 

charging composed of two RC time constants.  We investigated the use of capacitance 

cancellation circuitry to reduce the capacitive charging time of the BLM and pipette.  In 

general, the use of two-component capacitance cancellation was insufficient.  Specifically, 

introducing sufficient “slow” capacitance to reduce capacitive charging at time periods 

longer than 10 ms led to overcompensation of current at times <10 ms (Figure 2.6A).  The 

overcompensation appeared as a negative current that increased to a steady-state current.  
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Figure 2.6.  Current traces obtained from a DPhPC BLM suspended across a 20 µm aperture 

with A) capacitance cancellation and B) series resistance compensation. 

 

We then investigated the use of the series resistance compensation circuit, a common 

feature in patch clamp amplifiers.
205,222

  The circuit allows application of a brief overpotential 

at the start of a voltage step to accelerate capacitive charging.  While a reduction in 

capacitive charging time was obtained with series resistance circuitry, the large current 

spikes at the beginning of the potential steps were typically > 300 pA in magnitude and 

required > 5 ms to decay to < 2 pA, even at lower applied potentials.  No significant 

A 

B 
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acceleration in capacitive charging for timescales < 10 ms was observed when using series 

resistance compensation (Figure 2.6B). 

2.3.1.3.  Preparation and Characterization of 3 μm Aperture Pipettes   

An established method to reduce capacitive charging in BLMs is to reduce BLM 

surface area.
122,194

  Thus we prepared pipettes with aperture diameters of 3-6 μm (Figure 

2.7A) .  This geometry necessitated two modifications due to the thin glass walls near the 

pipette aperture.  First, to minimize pipette/aperture breakage, a gentler method for BLM 

formation was employed to replace the painting method. Referred to as the tip-dip 

method,
27,210

 the pipette aperture is passed twice through a lipid monolayer deposited at an 

air-aqueous buffer interface. Using this approach, we found that DPhPC readily formed high 

resistance BLMs (>100 GΩ) on silanized, small aperture pipettes.  Second, a coating of 

Sylgard 184  was applied near the pipette tip to compensate for the additional capacitance 

arising from the thinner glass walls near the tip, compared to the larger diameter, forged 

apertures.
223

   

Figure 2.7B shows typical capacitive current traces for representative voltages 

applied to a BLM suspended across a 3 µm aperture pipette; Figure 2.7B shows the 

background-subtracted traces assigned to the BLM.  In this smaller geometry, BLM 

capacitive currents contributed less than pipette currents (Figure 2.3B). The peak capacitive 

currents and relaxation times for BLMs using this aperture geometry are plotted as a function 

of applied voltage in Figure 2.7D.  While the peak currents are similar in magnitude to those 

measured for pipettes with 20 µm apertures, charging relaxation times are approximately 3-

fold faster for the smaller apertures.  Notably, voltage steps from 0 mV to 10 mV relax 

within ~1 ms, which should facilitate faster measurements of steady state currents.  
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Overall, reducing the bilayer area produced three significant outcomes.  First, a significant 

decrease in capacitive charging was observed, particularly for small potential steps.  At times 

greater than 4 ms after application of the potential step, the magnitude of the charging current 

was comparable to that produced by 1-2 open gA channels (ca. 25 pS per channel) for 

applied potentials between 0 – 100 mV,
224

 which enabled the fast capacitance cancellation to 

better handle the input and BLM capacitance.  Fast capacitance cancellation was therefore 

employed to suppress large capacitive currents and to some degree the BLM capacitance in 

subsequent experiments.  Second,  at  a capacitance  of  ~150 fF, Cm is ca. 10-fold lower than 

Cp.  Third, the smaller pipette apertures and reduced Cm resulted in a further decrease in 

instrument noise.  BLMs suspended across 20 μm apertures routinely exhibited 200-250 fA 

rms noise at 1 kHz when using a 50 GΩ feedback resistor.  Comparatively, BLMs suspended 

across 3 μm aperture pipettes exhibited 90-120 fA rms noise, owing to the reduced 

capacitance contribution of the BLM to total noise.
225,226

  Due to these advantages, all further 

studies were performed using pipettes with 3 µm apertures. 
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Figure 2.7.  Micrograph and electrical properties of a glass pipette with ca. 3 μm 

aperture. (A)  Micrograph of a representative glass pipette with a ca. 3 µm aperture.  (B) 

Capacitive charging traces for a pipette functionalized with a DPhPC BLM as a function of 

applied potential.  Steady state currents were background subtracted from each trace for 

clarity.    (C)  Capacitive charging traces for a DPhPC BLM as a function of applied potential 

following subtraction of capacitive charging contributions from the pipette and the amplifier.  

(D)  Peak capacitive charging currents (■) and relaxation times (●) for the BLM-

functionalized pipette as a function of applied voltage (n = 5). 

 

 

2.3.2.  Investigation of Voltage Protocols for Rapid Measurement of Membrane 

Conductance   

An assessment of multistep voltage protocols was performed to examine the influence 

of the number, magnitude and duration of voltage steps on the measured conductance and the 

associated total acquisition time.  The goal was to identify voltage protocols that reproduced 

A B 

C D 
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membrane conductance determined using a reference protocol (Figure 2.8A),
196,207

 while 

implementing the fewest potential steps to minimize the acquisition time.  Figure 2.8 shows 

four protocols (B-E) that were evaluated, relative to reference protocol A, using DPhPC 

BLMs on 3 µm aperture pipets. In protocols B-E, the step duration and magnitude were 

varied from 10-100 ms and 10-100 mV, respectively.  Based on the relaxation times in 

Figure 2.7D a minimum step length of 10 ms was selected to enable current measurements 

over several ms.  

Membrane conductance values and net conductance acquisition time (defined here as 

the total time required to acquire a single conductance measurement) measured using 

protocols A-E are listed in Table 2.1.  The mean conductance values ranged from 3.5 - 6.9 (x 

10
-3

) pA/mV and in some cases (e.g., protocols C and E) were statistically different, but 

reproducible, from the conductance value obtained using protocol A when using student’s t-

test (CI = 95%).  This variability is expected, however, because the BLMs exhibited different 

seal resistances, ranging from 147 GΩ to 284 GΩ; these values are comparable to those 

reported for BLMs on micron-sized apertures composed of several different substrates.
194,226–

228
  The variability in seal resistance among the different pipettes/BLMs used here does not 

pose an impediment for sensing IC activity because each sensor must be calibrated prior to 

use for quantitative measurements.  The corresponding net conductance acquisition times 

show that the BLM conductance can be measured more rapidly, relative to protocol A, using 

voltage steps of short duration and small magnitude.  Comparing protocols B-E, the largest 

voltage steps (50-100 mV) were used in protocol B and produced the largest steady state 

currents; however, the capacitive current relaxation time was >10 ms and thus the net 

conductance acquisition time was the largest.  Smaller voltage steps were used in protocols 
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C-E to reduce the net conductance acquisition time. Using three 10 mV voltage steps with a 

step duration of 10 ms (protocol E) enabled BLM conductance measurements to be made in 

30 ms.  Thus, further studies were performed with protocol E. 

 
 

Figure 2.8.  Multistep voltage protocols B-E were assessed in this study with respect to 

reference protocol A.  Voltage protocol F represents a modification of protocol E which can 

be continuously looped. 
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Table 2.1.  Comparison of measured conductance of pure DPhPC BLMs on 3 µm pipettes 

using voltage protocols A-E shown in Figure 2.8. 

 

Protocol Conductance [(pA/mV) x 10
-3

] 
a
 Net Conductance 

Acquisition Time
 b

 

A 4.38 ± 0.12 2 s 

B 3.54 ± 1.31 500 ms 

C 5.93 ± 0.78
c
 60 ms 

D 4.83 ± 1.25 60 ms 

E 6.78 ± 0.89
c
 

 

30 ms 

 
a
  n = 10.  Linear correlation coefficients (r

2
) were 0.965 – 0.998. 

b 
 The net conductance acquisition time represents the total time required to obtain a 

single conductance measurement from an i-V curve. 
c  

Statistically significant difference from protocol A (p<0.05). 

 

It is important to note that some capacitive charging (< 1 pA) is present in the time 

frame 3-10 ms after application of a 10 mV step.  Further reductions in net conductance 

acquisition time could be achieved by decreasing the magnitude of the voltage step to <10 

mV; however, sensor sensitivity also must be considered.  The current per IC is the product 

of the intrinsic IC conductance and the applied potential; thus a lower magnitude will 

produce an inherently lower S/N ratio.  However, this effect could be counterbalanced by 

increasing the number of ICs in the BLM. 

2.3.3. Conductance Measurements with Gramicidin Functionalized BLMs 

Gramicidin A dimerizes in lipid bilayers to form non-selective, cation-permeable ICs 

and is widely used as a model IC for illustrating BLM formation.
224

  A DPhPC BLM was 

suspended across a 3 µm pipette aperture and titrated with gA until several channels were 

continuously active.  The conductance of the BLM was measured using protocols A and E 
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with recording buffer on both sides of the membrane. Figure 2.9A shows a representative 

single channel trace at a holding potential of -100 mV where each gA channel contributed ~2 

pA of current, and at least eight channels were active.  Figure 2.9B shows a representative 

current versus time trace during execution of protocol E.  The mean steady state current was 

calculated during intervals of 3-5 ms and 5-10 ms after the initiation of each voltage step, and 

the resulting curves are plotted in Figure 2.9C along with current measurements obtained 

using protocol A.  Table 2.2 lists the resulting conductance values, which were statistically 

equivalent with < 5% RSD in all cases.  Overall, these results demonstrate the feasibility of 

making a statistically valid measurement of the conductance of an IC-functionalized BLM in 

static solution using a voltage protocol composed of three, smaller amplitude, shorter 

duration steps in as short as 30 ms.   
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Figure 2.9.  (A) Single channel recording trace for a BLM functionalized with gA at a 

holding potential of -100 mV.  (B) Current trace measured using protocol E for the same 

BLM.  The solid lines above the trace indicate intervals of 3-5 ms (blue) and 5-10 ms (red) 

after each voltage step.  Conductance curves obtained using protocols A and E are plotted in 

(C).  Mean current was measured during 3-5 ms (blue) and 5-10 ms (red) intervals after each 

voltage step.  Curves are offset by 2 pA (red) and 4 pA (blue) for clarity.  

B 

A 

C 
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Table 2.2  Comparison of conductance measured for a gA-functionalized BLM using 

protocols A and E. 

 

Protocol Conductance [pA/mV] 
a
 

A 0.154 ± 0.0018 

E 
b
 0.159 ± 0.0062 

E 
c
 0.155 ± 0.0045 

 
a
 n = 5.  

b
 Current was averaged during interval of 3-5 ms after the voltage step was initiated. 

c
 Current was averaged during interval of 5-10 ms after the voltage step was initiated. 

 

Based on the noise performance of the small aperture geometry BLM/pipette platform 

(90-120 fA rms noise, 1 kHz) and the intrinsic conductance of a gA channels (21-25 pS), we 

estimate that ~2 active channels are required to achieve a S/N ≥ 3 at 10 mV.  A detailed 

examination of the magnitude of the applied potential and the number of reconstituted ICs 

that produces sufficient S/N to obtain valid measurements was not undertaken in this study, 

as these experiments require a reproducible number of reconstituted ICs to compare 

individual trials.  Instead, we aimed to prepare BLMs with > 5 gA channels consistently 

active. Under these conditions, S/N ratios greater than 10 were observed at 10 mV step 

potentials, the lowest magnitude applied in these conductance protocols.  

2.3.4.  Measurement of Fast Solution Exchange with gA-Functionalized BLMs   

To assess the utility of conductance-based measurements for monitoring dynamic 

changes in IC activity, a rapid solution exchange system was employed to measure the 

response of a gA-functionalized BLM to Ca
2+

.
215

  Calcium ions are a potent pore blocker that 

inhibits gA cation conduction, and was used here as a surrogate for antagonism of a ligand-

gated IC.
229

  For these experiments, protocol F (Figure 2.8F), a continuous acquisition 
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version of protocol E, was used. Voltage steps ranging from -10 to -30 mV were sequentially 

applied for 10 ms in a recurring, pyramid-like fashion to enable continuous monitoring 

without resetting the initial voltage to 0 mV and facilitate conductance measurements in both 

the downward and upward sweeps of the protocol.  Eliminating the reset to 0 mV 

circumvented the large charging incurred when stepping from -30 mV to 0 mV in protocol E 

(Figure 2.8E).  Mean current values at each voltage step were obtained by averaging the 

steady state current between 5-10 ms after the voltage step was initiated.  The choice of the -

10 to -30 mV potential range was arbitrary, as Figure 2.9C shows that gA does not exhibit 

channel rectification between -100 and +100 mV in 1 M KCl buffer.
224

   

Rapid solution exchange between Ca
2+

 and Ca
2+

-free recording buffers was 

performed using a theta glass capillary with continuous perfusion from two parallel ports 

(Figure 2.1) directed at the tip of a BLM/pipette.  Figure 2.10A shows a typical voltage 

clamp recording using an open pipette (i.e., lacking a BLM) while monitoring current at a 

holding potential of -20 mV.  The outlet of one port of the theta capillary was directed at the 

open pipette tip, and then the theta capillary tip was mechanically translated to direct the 

outlet of the other port at the open pipette tip.  The 10-90% response time was 12 ± 2 ms (n = 

7), which reflects the minimum response time that can be measured using this apparatus.  

Hysteresis observed as ringing in the signal persisted for ca. 100 ms after the solution was 

exchanged, likely due to the complex fluid flow profile across the BLM/pipette tip. 
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Figure 2.10.   Representative conductance versus time plots for fast solution exchange 

across the pipette with a 3 μm aperture.  (A) Typical voltage clamp recording for a 3 µm 

open pipette (no BLM) during rapid solution exchange.  The inset shows an expanded view 

of the switching event (red arrows) when the Ca
2+

 concentration in the perfusion solution was 

increased from 0 M to 1 M.  (B) Representative conductance vs. time plot for a gramA-

functionalized BLM/pipette as the Ca
2+

 concentration in the perfusion solution was increased 

from 0 M to 1 M at ca. 24 seconds.  The inset shows an expanded view of the solution 

switching event (red arrows).  

  

 

  

A 

B 
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Figure 2.11.  Representative current trace and conductance plot versus time when 

implementing voltage protocol F.  (A) Continuous voltage protocol F used in this study to 

evaluate membrane conductance.  (B) A current trace and (C) a normalized conductance plot 

resulting from application of protocol F to a gA-functionalized BLM suspended across a 3 

µm aperture and perfused with Ca
2+

–free recording buffer. 

 

BLMs suspended on 3 µm aperture pipettes were functionalized with gA by adding 1 

µL aliquots of 1 µg/mL gA in EtOH to the recording buffer in which the pipette tip was 

immersed, until 5-20 consistently-active channels were observed. The BLM conductance was 

measured while the BLM/pipette tip was initially perfused with Ca
2+

-free recording buffer.  

0 50 100 150 200
-40

-30

-20

-10

0

V
o

lt
a

g
e

 [
m

V
]

Time [ms]

A 

0 50 100 150 200

-10

-8

-6

-4

-2

0

C
u

rr
e

n
t 

[p
A

]

Time [ms]

B 

0 50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

li
z
e

d
 C

o
n

d
u

c
ta

n
c

e

Time [ms]

C 



98 

 

An example current trace (Figure 2.11B) recorded using protocol F (Figure 2.11A) and the 

corresponding conductance vs. time plot (Figure 2.11C) are shown in Figure 2.11. The 

conductance values were statistically equivalent which shows that the direction of the voltage 

steps (increasing vs. decreasing) had no effect on the measurement. 

An example conductance vs. time trace showing the effect of mechanically translating 

the theta capillary tip to direct Ca
2+

-containing buffer to the BLM/pipette tip is plotted in 

Figure 2.10B.  A large change in conductance was observed when the Ca
2+

 concentration was 

increased to 1 M at approximately 24 seconds. To enable comparisons between different 

trials with differing numbers of ICs, the raw conductance data were normalized to the highest 

measured conductance within an individual trial.  The normalized conductance decreased by 

greater than 70% within one data point (30 ms) following the step change in Ca
2+

 

concentration, although hysteresis in the curve continued out to 150 ms.  The hysteresis was 

similar to that observed in Figure 2.10A, suggesting it is related to complex flow patterns in 

the rapid solution exchange system.  Importantly, the immediate decrease in the normalized 

conductance upon solution exchange was 76.0 ± 7.5% (n=7) and agrees well with the value 

of 81.9 ± 13.5% obtained using the mean of a 1 s window before and after solution exchange.  

Both values agree well with the established reduction in gA single channel conductance upon 

addition of 1 M Ca
2+ 

of 83%.
229

  Overall, the results of these experiments demonstrate the 

feasibility of using a conductance-based approach to measure the activity of IC ligands with 

an acquisition time in the ms regime.   
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2.4.  Conclusions 

 

In this work, we demonstrate that rapid measurement of BLM conductance provides a 

reproducible method for measuring ensemble IC activity at time scales relevant for 

applications requiring <50 ms temporal resolution.  The net conductance acquisition time of 

this approach is dictated by the duration of each voltage step, the need to measure current at a 

minimum of three different potentials, and the time course of capacitive charging.  The 

minimum duration of each potential step depends on the decay characteristics of the 

capacitive charging and the time interval needed to measure the steady state current.  For a 

BLM suspended across ca. 3 µm aperture pipette, the capacitive current relaxes significantly 

within 1 ms after the voltage step is initiated, and the steady state current can be measured 

reproducibly in the 5-10 ms interval after the voltage step, or in the 3-5 ms interval if a small 

decrease in precision is tolerable. Using a three voltage step protocol, a conductance 

measurement can be made in 30 ms, and further optimization focusing on decreasing the 

input capacitance (Cp) could reduce this further.  In contrast, a single channel recording may 

require up to several minutes of data collection to measure IC activity at a given ligand 

concentration.  The conductance-based approach described herein should prove foundational 

for future studies of IC-based sensors, particularly for time-resolved measurements, and will 

be broadly applicable to studies of IC activity in both natural and artificial membranes. 
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CHAPTER 3.  DEVELOPMENT OF A SUB-MILLISECOND CONDUCTANCE 

PROTOCOL FOR ION CHANNEL MEASUREMENTS 

3.1  Introduction  

A wide range of intercellular communication signals are initiated by releasing 

bioactive molecules, stored in intracellular secretory vesicles, into the extracellular matrix.
230

  

In regulated exocytosis, specific stimuli initiate the biochemical cascade for secretory 

vesicles to dock onto the plasma membrane and eventually fuse, releasing entrapped cargo.
231

  

The biochemical steps leading from cell stimulation to exocytosis are highly dynamic 

processes occurring on the millisecond timescale.  For example, Ca
2+

-triggered exocytosis in 

excitable cells may occur in < 1 ms following Ca
2+

-influx.
232

  Membrane fusion of readily 

releasable vesicle pools occurs in >10 ms, with delay times of a few milliseconds.
233

  The 

quantal (vesicular) fusion event may take only a few milliseconds.234  Studying exocytosis 

and thus determinationing how dysregulation compromises proper cell communication 

requires high temporal resolution techniques capable of identifying and quantifying secreted 

molecules in a spatially defined manner.
235

 

Measurement of cell membrane capacitance is a well-established technique for direct 

observation of single exocytotic fusion events.
236

  Membrane capacitance measurements, via 

the patch clamp technique, quantify small increases in membrane area resulting from vesicle 

fusion, using a lock-in amplifier.
237

  The low-noise capabilities afforded by patch clamp 

amplifiers enable detailed information regarding vesicle size, fusion kinetics, and extent of 

fusion, with typical measurements achieving submillisecond-to-millisecond temporal 

resolution and capacitance sensitivies <0.1 fF, corresponding to vesicles ~60 nm in 
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diameter.
238,239

  Membrane capacitance measurements are, however, sensitive to other 

membrane processes, e.g. endocytosis, and thus individual events may not reflect processes 

of interest.
240

  Additionally, membrane capacitance does not provide chemical information 

regarding the molecule identity and quantity of molecules packaged in individual secretory 

vesicles.
231

  Thus, it is important to couple membrane capacitance measurements to direct 

detection of secreted molecules. 

Membrane capacitance measurements have been complimented with electrochemical 

and electrophysiological detectors.  Carbon fiber microelectrodes positioned exterior or 

interior to the patch pipette enable detection of redox active releasates, providing quantitative 

measurement of vesicular content.
201,206,241–243

  For measurement of non-electroactive 

species, e.g. glutamate, “sniffer patches” may provide a suitable detection scheme.
244

  The 

basis for the “sniffer patch” technique is to bring an excised piece of membrane or a whole 

cell, expressing the ligand-gated ion channel (LGIC) of interest, in close proximity to a cell 

to probe for secretion.
160,163

  This approach exploits the native affinity LGICs exhibit for 

endogenous ligands to provide highly-sensitive and highly-selective biosensing systems, with 

typical temporal resolution in the millisecond regime.
160

  For example, Hilgemann and 

coworkers illustrated showed giant membrane patches can achieve µs temporal 

resolution.
245,246

  However, the “sniffer” sensor approach has largely been a qualitative tool 

for studying exocytosis because of (i) receptor heterogeneity, (ii) limited lifetime (15-30 min) 

and (iii) the need for calibration within the sensor lifetime.
160

  More recently, Rosman and 

coworkers, combined whole cell “sniffers” with cell membrane capacitance measurements 

and amperometry (electrode was external to patch pipette) to study quantal ATP release in rat 

β-cells.
247,248

  Individual β-cells were infected with an adenoviral construct of the P2X 
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receptor, an ATP-sensitive ion channel with an extracellular sensing domain.  Upon 

stimulation with glucose, measurements showed simultaneous detection of ATP (membrane 

conductance) and electrochemical detection of serotonin, a redox marker pre-loaded into 

insulin-containing large dense core vesicles, which correlated with increases in membrane 

capacitance due to fusion.  However, adenovirus infection of exogenous ligand-gated ion 

channels (LGICs) can modify the electrical excitability of β-cells, and the physiological 

differences between wild-type cells have yet to be established. 

Extension of the sniffer patch/whole-cell concept to artificial lipid bilayer systems 

may overcome some of the limitations described above.  Particularly, the use of model 

membranes of defined lipid composition to reconstitute purified LGICs overcomes the issue 

of receptor interfering receptors.
160

  Additionally, several methodologies exist to greatly 

extend membrane lifetime from days to weeks, enabling long term measurements which 

allow calibration protocols within the membrane lifetime.  Towards the goal of developing 

artificial analogs of “sniffer” sensors for the study of single cell exocytosis, we further 

improved the response time of the conductance-based protocol for quantifying ion channel 

activity.  In this chapter, we describe improvements to the glass microaperture platform to 

realize, low-noise recordings with sub-millisecond response times up to 10 kHz bandwidth.  

A modified version of the conductance protocol developed in Chapter 2 is described which 

realizes 0.9 ms temporal resolution.  Additionally, we demonstrate the capability of the 

optimized sub-ms conductance protocol to track, with high-fidelity, µs changes in ion 

concentration.  The response time of this ion channel-functionalized biosensor is expected to 

be suitable for studying single cell exocytosis. 
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3.2  Materials and Methods 

3.2.1.  Chemicals, Reagents, and Materials 

KCl, CaCl2, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), and 

Gramicidin A (gramA) were purchased from Sigma Aldrich (St Louis, MO).  Tridecafluoro-

1,1,2,2,-tetrahydrooctyldimethylchlorosilane was purchased from Gelest (Morrisville, PA).  

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased from Avanti Polar 

Lipids (Alabaster, AL).  n-decane was purchased from Acros Organics.  HNO3 was 

purchased from Mallinckrodt (St Louis, MO).  Toluene and acetone were purchased from 

Fisher Scientific (Waltham, MA). 

3.2.2.  Fabrication and Modification of Glass Pipettes 

 Fabrication of 3 µm glass microapertures was discussed in Chapter 2.  Briefly, 1.5 

mm o.d. x 1.1 mm i.d. borosilicate glass capillary (World Precisions Instruments) was pulled 

in a Flaming Brown P-97 glass pipette puller (Sutter Instruments, Novato CA) using the 

parameters in Table 3.1 to generate pipettes with tip diameters of ca. 5-10 µm.  Pipettes were 

fire-polished using a pressure-polishing technique to reduce the access resistance right at the 

tip.
208,209

  Pipettes were coated with sylgard except for a length ca. 200 µm from the tip.   

Table 3.1  Sutter P-97 Pipette Puller Parameters
a
 

Ramp Velocity Pull Time (ms) Pressure 

488 28 0 250 500 

a = Ramp, Velocity, Pull, and Pressure are unitless, Sutter P-97 specific parameters 
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Glass pipettes were cleaned in 0.1 M HNO3 for 30 min, rinsed with copius amounts 

of H2O, followed by EtOH, and then dried in at 120 
o
C oven for 1 h.  Cleaned pipettes were 

inserted into a gas-phase silanization chamber constructed from a modified glass scintillation 

vial (Figure 3.1).  The aluminum-backed paper lining on the cap interior was removed by 

physical means and the adhesive removed with isopropyl alcohol and acetone.  Holes slightly 

larger than the pipette outer diameter were drilled into the white plastic cap.  Pipettes were 

inserted in the hole, tip down.  A sleeve of flexible silicon tubing was placed on the non-

pulled end of the capillary to prevent the pipette from slipping completely through the hole.  

The glass interior of the scintillation vial was previously silanized with Surfacil (Sigma-

Aldrich) to prevent silane depletion via the container walls.  A 100 μL aliquot of 

1H,1H,2H,2H-tridecafluorooctylperfluorosilane (Gelest Inc) was added to the glass 

container, and the white cap holding glass pipettes was carefully sealed on top.  The glass 

vial was put in a vacuum dessicator, pressure was reduced to < 20 torr (Welch Dry Vacuum), 

and placed on a hot plate.  The plate was heated until the internal temperature of the 

dessicator was 120
o
C, at which time silane was visibly refluxing on the sides of the glass vial 

and the reaction time was started.  Pipettes were allowed to silanize for 10 min.  Afterward, 

pipettes were taken out of the vacuum dessicator, cleaned with toluene to remove excess 

silane, followed by acetone and then allowed to air dry before use.   
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Figure 3.1.  Gas phase silanization chamber modified from a glass scintillation vial.  
Holes slightly larger than the glass pipette outer diameter were drilled into the plastic cap.  

Glass pipettes were inserted into the holes with short, silicon tubing sleeves placed at the end 

of the pipettes to hold it in place. 

 

  

Silicon tubing 

Glass pipette 
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3.2.3.  Lipid Preparation, BLM Formation, and Ion Channel Reconstitution

 1,2-diphytanoyl-sn-glycerophosphocoline (DPhPC) was aliquoted in 25 mg/mL in 

chloroform and stored in -80
o
C freezer.  An aliquot of DPhPC was removed from the stock 

vial, dried under Ar, and then dried overnight in a lyophilizer.  Dried lipids were resuspended 

in n-decane to a final concentration of 10 mg/mL. 

 BLMs were formed by the tip dip method (described in Chapter 2).
27,210

  Briefly, 

BLM pipettes were backfilled with recording buffer (1M KCl, 5 mM HEPES, pH 7.4), 

mounted on the headstage, and the tip was submerged in a petri dish also containing 

recording buffer.  A small aliquot of lipid solution (0.5 – 1 µL) was applied near the pipette 

tip, then the pipette was quickly raised above the air-water interface and quickly submerged, 

generally forming a bilayer with >100 GΩ resistance.  BLM formation was verified by 

applying a 1 V, 10 ms pulse which caused the BLM to rupture, and return to open access 

resistance (kΩ).  When the aperture was clogged with a lipid/decane plug, the voltage pulse 

would not produce a large decrease in resistance.  Quickly withdrawing and re-immersing the 

pipette in the bath solution reformed the BLM. 

Gramicidin A (gA) was prepared as a 1 µg/mL stock solution in EtOH.  A 1-2 µL 

aliquot of the stock was pipetted ca. 5 mm away from the tip of a BLM pipette with a 

preformed BLM to reconstitute gA.  Additional aliquots were added to the bath until the 

desired numbers of channels were observed. 

3.2.4.  Electrophysiology and Noise Measurements 

Electrophysiological data was acquired with a HEKA EPC-10 Single patch clamp 

amplifier and digitized with Patchmaster software (v. 2.73).  Single channel recordings were 
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obtained at a -100 mV holding voltage, digitized at 20 kHz and filtered at 1 kHz, unless 

otherwise stated.  Sub-millisecond conductance measurements were collected at 200 kHz and 

filtered at 10 kHz.  Noise values were obtained from the Noise Panel present in Patchmaster 

software which measures instrument noise through the amplifier’s 4-pole, low-pass Bessel 

filter.  

Noise values for the BLM pipette platform were determined using an established 

protocol.
211

  Slygard 184, prepared in a 9:1 (w/w) ratio of polymer:curing agent, was added 

to the bottom of a 35 mm petri dish and allowed to polymerize at 50
o
C for 30 min.  Several 

PDMS layers were added until the PDMS approximated a semi-circle.  BLM pipettes were 

backfilled with recording buffer (1 M KCl, 5mM HEPES, pH ~7.4), mounted onto the 

headstage, and submerged in the PDMS-containing petri dish also filled with recording 

buffer.  The pipette was slowly brought into contact with PDMS until a change in resistance 

from kΩ to MΩ was noted, at which point the pipette was lowered in 1 µm steps, until a >50 

GΩ seal was formed.  Pipettes were generally not depressed >5 µm into the PDMS.  

Instrument noise was measured over a range of filter frequencies from 100 Hz to 15 kHz.  

Similar noise measurements were performed on the same pipette after a BLM had been 

formed.  Power spectral density plots were obtained from single channel recording traces at 0 

mV holding voltages and converted to frequency space using the Fast Fourier Transform 

function in Origin Labs software.  All measurements were performed at 1 mm immersion 

depth.   

3.2.5.  Data Analysis 

Data was organized in an Excel-friendly manner using a Visual Basic macro designed 

to collate current traces and scale currents to picoamperes (see Appendix B).  Membrane 
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conductance values were evaluated against a 21-point reference protocol that applied a 50 ms 

voltage pulses ranging from -100 to +100 mV, in 10 mV intervals.  Each pulse was preceded 

by a 10 ms rest at a holding voltage of 0 mV and followed by a 1000 ms rest (0 mV) to 

ensure the bilayer capacitance was fully discharged before proceeding to the next voltage 

step.   The slope of the i-V curve is the conductance, GBLM (pA/mV); the BLM resistance, 

RBLM, is (GBLM)
-1

.  For sub-millisecond conductance protocols, protocol E in Chapter 2 was 

modified to achieve fast voltage pulses (< 1 ms).  More details are described in the Results 

and Discussion section.     

3.2.6.  Response Time Measurements  

 Fast solution switching experiments were performed with a High Speed Solution 

Exchange-2/3 system (ALA Scientific, New York), similar to the design described by Dilger 

et al.
249

  Briefly, a BLM pipette was positioned about 1 mm away and equidistant from the 

outflow of two tubes approximately perpendicular from one another.  Each tube was 

connected to a solution reservoir containing recording buffer or recording buffer + 1 M Ca
2+

.  

The linear flow rate was ~ 2 cm/s, as higher flow rates caused BLM delamination.  The 

solution composition perfusing across the BLM pipette was rapidly switched using a solenoid 

pinch valve and the membrane conductance was measured using the patch clamp amplifier.  

Membrane conductance was assessed as described above. 

3.3  Results and Discussion 

 The glass pipette-based BLM platform developed in Chapters 2 is effectively an 

excised patch experiment, employing a larger membrane diameter (ca. 3 µm) than 

conventional cell membrane patches (0.5 – 1 µm).  Both systems share the same noise 

sources, and as such appropriate, parallel strategies may be implemented for reducing total 
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noise.  DPhPC BLMs suspended across 3 µm apertures in PDMS-coated pipettes routinely 

achieved noise levels of 90 – 120 fA rms, at a filter setting of 1 kHz.  Expansion of the filter 

bandwidth to 10 kHz to facilitate measurements in the sub-ms regime, a suitable temporal 

resolution for single-cell exocytosis, introduces additional noise components which affect 

signal-to-noise ratios.  Therefore, we examined the noise performance of our pipette-based 

BLM platform over a range of filter frequencies and developed an improved architecture for 

obtaining low-noise recordings up to 10 kHz.   

3.3.1.  Noise Contributions in BLM Pipettes 

Noise in BLM and patch clamp experiments arise from the combination of several 

sources which display complex dependences on frequency. Some sources, e.g. the glass 

pipette, can contribute noise to more than one frequency regime.  A typical noise power 

density spectrum for BLM experiments consists of four main frequency regimes, as shown in 

Figure 3.2.   Known noise sources, their frequency dependence, and the origin of the noise 

are summarized in Table 3.2, which is adapted from Benndorf.
207

  Equations 1-9 detail the 

influence of different variables on individual noise sources.
122,225,226,250

  The noise power 

spectral density of single channel recording experiments is described by Equation 10:
225

   

𝑆2
𝑟𝑚𝑠 =  √

𝑎1

𝑓𝑛 + 𝑎2 + 𝑎3𝑓 + 𝑎4𝑓2             (10) 

where a1, a2, a3, and a4 are coefficients describing the contribution of each noise term to the 

total noise power.  In most cases 1/f noise is very small and may be ignored.
223,225

 

In the intermediate frequency regime (1 kHz – 10 kHz), Si ~ f and Si ~ f
2
 noise tend to 

dominate other noise sources because of linear and non-linear dependences on bandwidth and 

capacitance.
250

  These noise sources arise from four main contributions:  (1) the introduction 

of dielectric lossy materials to the amplifier input (Equation 5, Si~f), (2) amplifier input 
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voltage noise (en, nV/√Hz) interacting with total capacitance at the amplifier input (Ct) 

(Equation 1, S
i
~f

2
), (3) noise arising from the pipette access resistance (Ra) in series with the 

membrane capacitance (Cm) (Equation 3, Si~f
2
), and (4) a distributed RC noise arising from 

the portion of the submerged pipette.  In the BLM platform developed in Chapter 2, the 3 µm 

diameter aperture reduces the BLM capacitance. 

 

 

Figure 3.2.  Typical noise power density spectrum for planar lipid bilayer 

measurements.  Flicker noise and thermal shot noise dominate the low frequency regime, 

while dielectric noise and total capacitance at the amplifier input reacting with amplifier 

voltage noise dominate the higher frequency regime. 
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Table 3.2.  Noise sources
a
 

Frequency 

dependence 

Type of Noise Sources Equation
c
 

S
i
 ~ f

2
 Voltage noise 

plus capacitance 

-Input voltage 

noise + total input 

capacitance 

 

 

 

-Distributed RC 

noise of RaCm 

 

 

 

Pipette tip 

capacitance 

 

-Thin-film RC 

noise 

𝑆𝑣𝑐
2 = 4𝑒𝑛

2𝜋2𝐶𝑡
2𝑓2   (1) 

𝑖𝑣𝑐
2 =  

4

3
𝑒𝑛

2𝜋2𝐶𝑡
2𝑓𝑏

3   (2) 

 

𝑆𝑟𝑐
2 = 4𝑘𝑇

4𝜋2𝑓2𝑅𝑎
2𝐶𝑚

2

𝑅𝑎(1+4𝜋2𝑓2𝑅𝑎
2𝐶𝑚

2 )
   (3) 

 

𝑖𝑟𝑐
2 =  

4𝑘𝑇

𝑅𝑎
 (𝑓𝑏 −  

arctan(2𝜋𝐶𝑚𝑅𝑎𝑓𝑏)

2𝜋𝑅𝑎𝐶𝑚
)  (4) 

 

 

N/A 

 

 

N/A 

Si ~ f Dielectric noise -Pipette holder 

-Pipette glass 

𝑆𝑑
2 = 8𝑘𝑇𝜋𝐷𝐶𝑑𝑓    (5) 

𝑖𝑑
2 = 4𝑘𝑇𝜋𝐷𝐶𝑑𝑓𝑏

2  (6) 

 

Si ~ 

Constant 

Johnson noise -BLM resistance 

-Feedback Resistor 

 

-Shot Noise 

𝑖𝑡
2 =

4𝑘𝑇𝑓𝑏

𝑅𝑓
        (7) 

𝑖𝑠𝑛
2 = 2𝐼𝑞𝑓𝑏       (8) 

Si ~ 1/f
b
 Flicker Noise -Pipette holder 

-Pipette in bath 
𝑆𝑓 =

𝑎

𝑓𝑛          (9) 

(a) = Noise sources for a glass aperture-based BLM platforms, and arise from the pipette 

holder, BLM, amplifier headstage, and pipette.  Table 3.2 was adapted from Klaus 

Bendsdorf.
251

   

(b) =  n, dimensionless exponential value of 1/f noise.   

(c) = Each source is described by both the spectral density Si(f) and the current noise 

variance, i
2
, obtained by integrating Si(f) from f = 0 to fb (bandwidth).    
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contribution to ~150 fF.  Integration of Equation 3 over the chosen bandwidth gives the rms 

noise contribution of RaCm (Eqn 4): 

𝑖𝑟𝑐
2 =  

4𝑘𝑇

𝑅𝑎
 (𝑓𝑏 −  

arctan(2𝜋𝐶𝑚𝑅𝑎𝑓𝑏)

2𝜋𝑅𝑎𝐶𝑚
)     (4) 

where k is Boltzmann’s constant (1.38x10
-23

 J/K), T is temperature (K), fb is the bandwidth 

(Hz).  Using a typical Ra value of 200 kΩ for 3 µm pipette, noise from Equation 4 is 

calculated to add ~1 fA rms and ~32 fA rms at 1 kHz and 10 kHz, respectively.  This low 

value suggests noise sources (1), (2), and (3) become the dominant noise contributors.   

Dielectric noise arising from the pipette holder and pipette (Equation 5) is directly 

proportional to the dielectric lossiness of the material, D (unitless), and the capacitance the 

material contributes, Cd.  The rms noise contribution is given in Equation (6), below: 

𝑖𝑑
2 = 4𝑘𝑇𝜋𝐷𝐶𝑑𝑓𝑏

2        (6) 

Efforts to reduce this noise source employ low dielectric lossy materials, i.e. pipette holders 

made of polycarbonate, polypropylene, or Teflon, and pipettes prepared from high-quality 

borosilicate or quartz glass capillaries.  Furthermore, holders and pipettes are kept as short as 

possible to reduce their total capacitance.  The dissipation factor for polycarbonate and 

borosilicate glass capillaries is ~10
-3

 and ~2x10
-3

, respectively.
225

  Estimations using 

Equation 6 indicate a typical holder (1 pF) introduces 72 fA rms at 10 kHz, while a 2 pF 

immersed pipette contributes twice that value, ~150 fA rms, at 10 kHz.   However, the 

calculated pipette noise values may vary by up to a factor of 3 in borosilicate pipettes for 

unexplained reasons.
225,251

 

In the Si~f
2
 regime, two main noise sources are noted, enCt noise and distributed RC 

noise of the immersed pipette.  Noise contributions from enCt are difficult to effectively 

reduce because of the dependence on total input capacitance, Ct, which is dominated by the 
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junction field effect transistor input capacitance (10-15 pF).
221

  The rms noise contribution is 

described by Equation 2: 

𝑖𝑣𝑐
2 =  

4

3
𝑒𝑛

2𝜋2𝐶𝑡
2𝑓𝑏

3         (2) 

Ct also includes other contributions from:  pipette holder (1-1.5 pF), pipette (2-6 pF), stray 

capacitance (1-2 pF) and current injection capacitors.
225

  Therefore, nearly all strategies to 

reduce enCt aim to minimize additional capacitance contributions (e.g. pipette holder and 

pipette) to prevent significant noise increases.  Using a reasonable value of 15 pF input 

capacitance, 6 pF for the pipette holder/pipette, and 3 nV/√Hz for en, enCt noise contributes 

~230 fA rms at 10 kHz.  The second Si~f
2
 noise source arises from the thermal voltage noise 

of the distributed solution resistance in series with the distributed wall capacitance of the 

immersed portion of the pipette.  This noise source is ill-described by empirical equations, 

but is strongly dependent on pipette geometry and the thickness of slygard coatings used to 

reduce pipette tip capacitance.  Distributed RC noise in borosilicate pipettes is projected to 

introduce 76 fA rms for heavy slygard coatings and up to 210 fA rms for uncoated pipettes, 

based on data by Levis.
225

 

 In addition to Si~f and Si~f
2
 noise, the BLM resistance and the feedback resistor used 

to amplify currents introduce Johnson noise, as given by Equation 7:  

𝑖𝑡
2 =

4𝑘𝑇𝑓𝑏

𝑅𝑖
               (7) 

where Ri is the value of the resistance (Ω).  In most cases, the seal resistance of the BLM 

exceeds 100 GΩ, causing the feedback resistor (50 GΩ) to be the largest Johnson noise 

contributor in the system.  Equation 7 predicts a 53 fA rms noise contribution at 10 kHz; 

however, practical high-value resistors usually have an uneven distributed capacitance in 

series with the resistive elements which contributes a frequency dependent component in 
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addition to traditional thermal noise.   The thermal noise spectral density is modified 

according to Equation 11: 

𝑆𝑖(𝑓) = 4𝑘𝑇 𝑅𝑒{𝑌(𝑓)}     (11) 

where Re{Y(f)} is the real part of the device admittance.  The complex admittance takes the 

form (Equation 12) 

𝑌 =  
1

𝑅
+  𝑌𝑠       (12) 

where Ys accounts for the series combination of the resistance Rs and Cs, given below 

(Equation 13) 

𝑌𝑠 =  
𝑗𝜔𝐶𝑠

1+𝑗𝜔𝑅𝑠𝐶𝑠
      (13) 

where the angular frequency is ω = 2πf.  At the low frequency limit, Re{Y(f)} ≈ Rf, however, 

as ω  ∞, the admittance approaches the parallel resistance of Rf and Rs.   In such a case, the 

noise performance of practical high-value resistors departs from that calculated in Equation 7 

due to frequency-dependent admittance components introduced by the uneven distributed 

capacitance in the resistor.
252,253

   

The discussion above highlights the noise sources attributed to different frequency 

regimes in a pipette-based BLM platform.  Importantly, most of the sources are open to 

improvement, predominately through careful attention to the capacitances arising from the 

pipette and holder.  Based on this information, we examined the capacitance and noise 

properties of our pipette-based BLM platform. 

3.3.1.1  Fabrication of a Low-Noise BLM Platform   

We first quantified the capacitance contributions from individual pieces of the BLM 

pipette platform, i.e. BLM, pipette, electrode, pipette holder, and input capacitance.  All 

experiments were performed in high-gain mode (50 GΩ feedback resistor) to minimize 
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Johnson noise.  Glass pipettes with 3 µm apertures, and measuring ≤ 5 cm long, were used 

for these studies as they minimize bilayer capacitance contributions.  Capacitive currents 

were measured by applying a voltage protocol, similar to the one used to evaluate membrane 

conductance, to the amplifier while acquiring current traces.   

Table 3.3.  Capacitance contributions from individual components in BLM pipette 

platform. 

 Capacitance [pF] 

Component Large Holder Small Holder 

Amplifier input ~ 1 ~ 1 

Pipette holder + electrode 1.9 0.5 

Pipette
a
 1.4 0.6 

BLM
b
 ~0.15 ~0.15 

(a) = pipette capacitance was measured by sealing the pipette to PDMS.  Submersion depth 

was 1 mm 

(b) = a single pipette was used for this study   

 

Capacitive currents were integrated to determine total charge, which was 

subsequently converted to capacitance by comparing total charge to that of a 6 pF capacitor.  

Table 3.3 lists the capacitance contribution from individual components for a large and a 

small holder, described in more detail below.  In the large holder bilayer format, measuring 

4.3 pF total, the BLM introduced the least capacitance, adding ~ 150 fF.  The amplifier input 

capacitance, 1 pF, was the next lowest contributor.  This value results from the 1 pF current 

injection capacitor connected to the 50 GΩ feedback resistor and is an intrinsic component of 

patch clamp amplifier hardware.
221

  The pipette holder/electrode combination and glass 

pipette were the major contributors to system capacitance, adding 1.9 pF and 1.4 pF, 
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respectively.  Hence, addressing the total capacitance from the pipette/electrode/pipette 

holder could significantly reduce overall instrument noise, especially in the higher frequency 

regime where enCt, distributed RC, and dielectric noises are expected to dominate. 

    

 

Figure 3.3.  Picture of traditional (top) and modified pipette holder (bottom). 

Figure 3.3 depicts a modified pipette holder which shortens the holder length by ~1.7 

cm and the electrode length by ~3 cm.  The improved holder reduces the contribution to ~0.5 

pF, and is comparable to other low capacitance pipette holders described in literature.
225,251

  

The glass pipette contributes ~0.23 pF in air, and ~0.6 pF when the glass pipette is 

submerged 1 mm in solution.  These combined values provide a total input capacitance of 2.2 

pF, ~2x smaller than the previous platform.  The relative capacitance contributions for the 

small holder and pipette geometries are listed in Table 3.3.   

  

 

2 cm 
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3.3.1.2.  Evaluation of the Noise Performance of Optimized BLM Platform   

We next compared the noise levels of both small and large platforms at 1- and 10-

kHz.  Noise values were directly measured instead of fitting values to equations 2, 4, and 6 

for a couple reasons.  The dielectric loss factor, D, as in Equation 6, is a composite of both 

the polycarbonate holder and glass pipette.  Polycarbonate has D ~ 10
-3

, however 

considerable variation exists between manufacturers and lot number, making current noise 

estimations by Equation 6 difficult.
225

   Furthermore, the headstage feedback resistor is in 

series with a distributed, stray capacitance which adds frequency components to Equation 

7.
252,253

  As such, knowledge of the admittance is required to accurately model the Johnson 

noise.   

Table 3.4 lists typical rms noise values for representative conditions of the pipette-

based bilayer set up.  The shortened holder, with electrode, adds an additional 130 fA rms to 

headstage noise at 10 kHz over the shielded headstage noise (~257 fA rms).  This value 

increases by only 40 fA rms with the addition of the pipette, and ~180 fA rms when the 

pipette is submerged 1 mm in solution.  The increased noise for immersed pipettes is similar 

to these studies by Benndorf (~200 fA rms, 10 kHz).
251

 Addition of a BLM slightly increases 

total noise by ~40 fA rms to 620 fA rms.  Compared to the large holder/pipette platform, the 

shorter platform exhibits >200 fA rms lower noise at 10 kHz, which is attributed to the 

overall decrease in input capacitance.   
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Table 3.4.  RMS noise values for different BLM platform configurations at 1 & 10 kHz 

 Holder in Air
a
 Pipette in Air

a
 Pipette Sealed to 

PDMS
a,d

 

With BLM
a,d

 

Frequency 1 kHz 10 kHz 1 kHz 10 kHz 1 kHz 10 kHz 1 kHz 10 kHz 

Large Pipette Holder
b
 55 476 62 630 77 750 95 864 

Small Pipette Holder
c
 42 351 52 408 62 583 83 620 

(a) = all measurements were performed at high gain (50 mV/pA) to minimize thermal noise 

(b) = large holder uses the standard HEKA pipette holder, a 5 cm Ag/AgCl electrode, and the 

standard gold-plated pin 

(c) = small holder uses a shorter HEKA pipette holder, a 2 cm Ag/AgCl electrode, and the 

standard gold-plated pin 

(d) = pipette immersion depth was 1 mm 
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The better noise performance is also apparent in the power spectral density plots, 

shown in Figure 3.4.  The shielded headstage shows a relatively flat response up to 5 kHz, 

with Si ~ f and Si ~ f
2
 components apparent at frequencies >5 kHz.  In accordance with 

equations 1-4, introduction of dielectric noise and increased enCt noise, increases the noise 

floor, as seen in the apparent Si~f noise beginning at ~3 kHz.  With a BLM and pipette 

submerged 1 mm in solution, the Si~f noise becomes more apparent at~2 kHz. When a 

DPhPC BLM is suspended across the aperture, rms noise was typically ~620 – 830 fA for the 

shortened BLM platform and 860-1130 fA rms for the longer BLM platform, with the range 

of noise values depending on the BLM resistance.   

 

Figure 3.4.  Noise power spectra of both large and small pipette holders with DPhPC 

BLMs suspended across 3 µm apertures.  Spectral roll off ~60 kHz results from imperfect 

frequency compensation in the high gain regime (50 GΩ resistor) 
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Figure 3.5 plots rms noise versus frequency for the optimized BLM platform, over the 

range of 100 Hz – 15 kHz.  Overall, the BLM platforms investigated exhibited noise values 

~2.0 – 3.1x higher (250-320 fA rms, 5 kHz; 620-830 fA rms, 10 kHz) than the shielded 

headstage noise (~ 100 fA rms, 5 kHz; 257 fA rms, 10 kHz).   Comparatively, this platform 

reports approximately 2-3x higher rms current noise than low-noise patch clamp 

experiments:  Benndorf reported noise values of 95-120 fA rms at 5 kHz and 630-780 fA rms 

at 20 kHz for very short (8 mm) borosilicate pipettes heavily coated in slygard; while Levis 

& Rae achieved exceptionally low-noise recordings, 81-100 fA rms at 5 kHz, using quartz 

pipettes.
225,254

  However, the pulled pipettes had aperture diameters < 0.5 μm. This outcome 

is expected, given (1) low-noise capacitive feedback technology was employed in those 

studies to record channel currents which largely removes the Johnson noise component, and 

(2) additional strategies to further reduce the pipette capacitance noise, i.e. application of 

slygard coatings all the way to the pipette tip and use of paraffin oil in the pipette interior to 

prevent solution wicking up the electrode.  However, in comparison with other BLM 

platforms (Table 3.5), our platform performs better within the 1 – 10 kHz frequency range.   

Conversely, at frequencies > 15 kHz our platform performs more poorly when compared to 

low-input capacitance (4-6 pF) CMOS-based trans-impedance amplifiers used for fast 

nanopore sensors.
250,255

   

The shortened holder/pipette geometry implemented here provides low-noise 

recordings up to 10 kHz.  Analyses of the total noise contributions indicate that the holder, 

electrode, and pipette are the major noise contributors. Lower noise recordings may be 

realized by further reducing the pipette holder and pipette capacitance contributions.  Such a 

strategy will involve additional shortening of the holder and pipette.  Furthermore, changing 
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glass type from borosilicate to quartz is expected to further decrease dielectric noise, owing 

to a dielectric lossiness factor > 22 fold lower (Dquartz ~ 10
-5

-10
-4

) than the Schott 8250 glass 

(D ~ 2.2x10
-3

) used in this study.  In the best case scenario, our BLM pipette platform will 

approach noise levels comparable to quartz patch pipette technologies. However, it is 

expected that through careful minimization of capacitance contributions, BLM pipette 

platforms will reach comparable noise levels to patch clamp experiments.  

 

Figure 3.5.  Noise plot of rms noise (fA) versus frequency (Hz) for representative 

experimental conditions.  Shielded headstage values for high- (50 mV/pA) and medium-

gain (20 mV/pA) demarcate practical achievable noise levels for our amplifier setup.  DPhPC 

BLMs for two diameter apertures, 20- and 3-µm, illustrate the effect of BLM capacitance on 

total noise.  Noise measurements for a 3-µm pipette exhibit the increase in noise due to 

higher capacitance at the amplifier input owing to the pipette holder, electrode, and pipette.   
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Table 3.5.  Comparison of noise values for BLM systems. 

Author Aperture Material Amplifier RMS Noise Reference 

     

Mayer et al. Teflon AF 

aperture 

Axon 200B ~1 kHz – 98 fA  

~4.3 kHz – 440 fA  

~7.5 kHz – 810 fA  

226
 

Rosenstein et 

al., 

SU-8 microwell  CMOS Chip 10 kHz – 1 pA  

100 kHz – 4.4 pA  

250
 

Sondermann 

et al.,  

Borosilicate glass 

chips 

Nanion Port-a-

Patch/HEKA EPC-

8 

10 kHz – 1 pA  

30 kHz – 2.7 pA 

256
 

Mach et al.,  Borosilicate glass 

in PDMS 

microfluidic 

device 

Axon 200B 1 kHz – 200 fA  

10 kHz – 1.2 pA  

30 kHz – 2.1 pA  

257
 

Baaken et al., SU-8 microwell in 

microelectrode 

cavity array 

Axon 200B 10 kHz – 900 fA  

20 kHz – 2.2 pA  

258
 

Crescentini et 

al., 

Microfluidic chip CMOS Chip 10 kHz – 420 fA
a
 

255
 

Agasid, et al., Borosilicate glass 

aperture 

HEKA EPC-10 1 kHz
b
 – 83 fA  

5 kHz
b
 – 200 fA  

10 kHz
b
 – 620 fA 

15 kHz
b
 – 980 fA 

30 kHz
c
 – 2.9 pA  

100 kHz
c
 – 5.9 pA 

 

(a) = Crescentini et al., only report noise values for open amplifier 

(b) = measurements for 1-, 5-, and 10-kHz measurements were performed by setting Filter 1 

(6-poles) to 100 kHz and adjusting Filter 2 (4-poles) 

(c) = 30 kHz and 100 kHz measurements were performed only through Filter 1 (6-poles) 

 

3.3.2.  Generation of Sub-ms Conductance Protocols & Evaluation of 

Gramicidin A functionalized BLMs   

Sub-millisecond conductance protocols require rapid relaxation (µs) of capacitive 

charging currents to facilitate fast sampling of steady-state currents resulting from active ion 

channels.  In Chapter 2, the capacitive charging time course was dominated by the input 
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capacitance at short time regimes, < 2 ms with a 1 kHz filter.  The 1 kHz filter setting likely 

aliased faster charging components, thus widening of the filter bandwidth was expected to 

accelerate apparent capacitive charging time.  Protocol E in Chapter 2 was used as a base 

voltage program to assess capacitive currents, with slight modification - voltage steps were 

maintained at 10 mV, but pulse duration was reduced to 1 ms.  Figure 3.6 illustrates the 

effects of filter bandwidth on the apparent relaxation time for DPhPC BLMs suspended 

across the optimized BLM platform.  Fast capacitance cancellation was implemented to 

prevent amplifier saturation; thus, presented current relaxation times do not reflect real 

charging time constants of the BLM platform.  As expected, higher bandwidths correlated 

with faster charging times: capacitive charging relaxed within ~220 µs at 3 kHz and ~60 µs 

at 15 kHz.  While the fastest charging was observed at 15 kHz, the increased noise levels 

(>980 fA rms) would detrimentally affect S/N ratios in further experiments.  Therefore, we 

settled on a filter setting of 10 kHz, which exhibited a relaxation time of ~100 µs.   
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Figure 3.6.  Effects of filtering frequency on BLM platform capacitive charging 

currents. 
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The significantly higher noise levels (620-830 fA rms) at 10 kHz compared to 1 kHz 

bandwidth required reassessment of the number of reconstituted channels needed to produce 

S/N > 3.  Gramicidin A was once again used as a model ion channel.
259

  An individual gA 

ion channel increases membrane conductance by ~20 fA/mV in 1 M KCl solutions.
229

  Thus 

at an applied voltage of 100 mV, a single ion channel has an inherent single channel current 

of 2 pA (S/N ~ 2.3-3.1), and 0.2 pA (S/N ~ 0.23-0.31) at 10 mV.  S/N ratios of ~ 3, for a 10 

mV voltage step, therefore require > 10 active channels, based on the platform noise range.  

Figure 3.7A shows gA activity from a DPhPC bilayer with > 30 active channels at a holding 

potential of -100 mV.  Individual opening and closing events were still resolvable despite the 

large number of reconstituted channels.  Figure 3.7B shows the voltage protocol applied to 

the bilayer, employing 10 mV steps at 1 ms duration, to sample membrane currents (Figure 

3.7C).  Membrane currents were averaged at various time points past the charging current 

and up to 1 ms.  Figure 3.7D plots the averaged current versus applied potential for several 

intervals.  Steady state current values showed no significant difference (p < 0.1) among 

chosen intervals when using a Welch’s t-test (CI = 95%), shown in equations 14 and 15:   

𝑡 =  
𝑋1−𝑋2

√
𝑠1

2

𝑁1
+ 

𝑠2
2

𝑁2

      (14) 

where Xn is the mean value, sn is the standard deviation, and Nn is the sample number.  The 

degrees of freedom is calculated from equation 15: 

𝜈 ≈
(

𝑠1
2

𝑁1
+ 

𝑠2
2

𝑁2
)2

(
𝑠1

4

𝑁1
2𝜈1

+ 
𝑠2

4

𝑁2
2𝜈2

)
     (15) 

where νn is the degree of freedom (Nn – 1). 



126 

 

The data demonstrated the feasibility of developing fast voltage protocols 

implementing voltage pulses with short, 300 µs durations.  In contrast with Chapter 2, slower 

charging currents were not observable at these short time regimes.  They are presumably still 

present; however, they are indistinguishable from the noise at 10 kHz due to their relatively 

low magnitude.  Based on these observations we optimized the voltage protocol in Figure 

3.7B to implement 300 µs voltage steps, maintaining 10 mV steps.   

 

Figure 3.7.  Representative single channel recordings trace, and voltage step 

protocol, associated current trace, and steady-state currents.  (A) Single channel 

recordings of gA at a holding potential of -100 mV, showing characteristic single channel 

currents.  Data was filtered at 200 kHz for presentation purposes.  (B)  Proposed sub-ms 

voltage protocol, employing 3 voltage steps, holding each step for 1 ms.  (C) Resulting 

current plot from (B).  (D) Mean membrane currents calculated from various time points 

along the 1 ms voltage pulse versus applied voltage.  

A B 

C D 
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Figure 3.8A shows the optimized sub-ms voltage protocol versus time, which now 

has a response time of 0.9 ms.  For reference, Figure 3.8B shows a typical reference voltage 

protocol.  Membrane conductance for gA-functionalized DPhPC BLMs was measured using 

the optimized, sub-millisecond voltage protocol and compared against a 21-point reference 

protocol in static solution.  Table 3.6 shows that both protocols report statistically equivalent 

membrane conductances for n = 5 consecutive measurements.  This result illustrates the 

ability of the optimized sub-ms conductance protocol to recapitulate, with high fidelity and 

significantly better temporal resolution, membrane conductance measurements obtained from 

slower protocols.  Compared to the BLM platform and voltage protocol described in Chapter 

2, the platform and protocol described here achieves 33x increase in temporal resolution with 

~6x increase in total noise, for 10x increase in instrument bandwidth.  The 0.9 ms response 

time of this IC-sensor platform is expected to provide sufficient resolution to facilitate study 

of single cell exocytosis. 
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A 

 

B 

 

Figure 3.8.  Voltage protocols used to evaluate membrane conductance in Table 3.6.  (A)  

Optimized sub-millisecond voltage protocol.  (B) Tradition voltage protocol implementing 

voltage steps from -100 mV to + 100 mV in 10 mV steps.  Note:  A 1 s segment intended for 

the BLM to discharge is not shown in between each voltage step, for clarity.   
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Table 3.6  Comparison of membrane conductance values calculated from different 

voltage protocols 

 Traditional Voltage 

Protocol 

Sub-ms Voltage 

Protocol 

Average Conductance 

[pA/mV] 

0.65 + 0.07 (n=5) 0.68 + 0.04 (n=5) 

Response Time > 1 s 0.9 ms 
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3.3.3.  High Speed Solution Exchange Demonstrates Fast Ion Channel Conductance 

Measurements 

 To demonstrate the feasibility of monitoring abrupt changes in ligand concentration 

in the sub-ms to ms time regime we used a commercially available fast solution exchange 

system to rapidly apply a Ca
2+

 solution (t20-80% < 1 ms) across a gA-functionalized BLM, 

similar to experiments in Chapter 2.  The fast solution exchange system is based on studies 

by Dilger et al.
249

  In contrast to the dual perfusion tip employed in Chapter 2, this system 

uses a fast switching solenoid valve to control flow through two applicator tubes.   The low 

dead volume of the tubing, coupled with the relatively fast linear flow rate of solution (~2 

cm/s) enable fast solution exchange across the BLM pipette positioned at the crosshairs of 

the outlets. The 10-90% response time was 700 µs – 1 ms (n=7), depending on the position of 

the pipette and solution height.   

 After establishing the optimal solution switching position, a DPhPC BLM was 

formed across the aperture, and then functionalized with gA channels.  The pipette was 

repositioned at the optimal switching position, with recording buffer flowing across the 

pipette tip.  After ~20 s of data collection, the solution was switched to recording buffer 

supplemented with 1 M Ca
2+

.  Figure 3.9 shows overlapped traces for the open pipette tip 

response and the membrane conductance for gA-functionalized BLMs upon switching 

solution compositions.  Membrane conductance decreased ~60% upon application of 1 M 

Ca
2+

.  Largely, the membrane conductance response follows the open pipette tip response, 

except for a lag lasting ~ 25 ms upon solution switching, similar to Figure 2.13 in Chapter 2.  

We suspect that the non-perpendicular positioning of pipette relative to the solution outlets, 

along with the relatively high flow velocities, causes BLM curvature. This phenomenon 
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generates a low volume reservoir which does not efficiently exchange solution with flow 

streams.   This problem may be fixed by applying a counter pressure in the pipette interior to 

reverse membrane curvature.  However, in single cell exocytosis studies, the relatively low 

solution flow rates are not expected to induce membrane curvature. 

 

Figure 3.9.  Measurement of fast solution exchange with gA-functionalized BLMs.  The 

open pipette (black squares) shows the solution switching time has t20-80% ~ 700 µs.  BLM 

conductance measurements were roughly aligned and superimposed on open pipette currents.  

The red arrow indicates the point of solution switching from recording buffer to 1 M Ca
2+

. 
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3.4  Conclusions 

 In this chapter, we describe improvements to the 3 µm diameter glass micropipette 

BLM platform and membrane conductance protocol for rapid quantification of ion channel 

activity.  Lowering the overall capacitance of the BLM platform enabled an increase in 

instrument bandwidth from 1 kHz to 10 kHz, with ~6-8x increase in total noise (620-830 fA 

rms).  This noise range is only 2.2-3.1x the noise of a shielded headstage, and may represent, 

to the best of our knowledge, one of the lowest reported noise values for a BLM system to 

date at 10 kHz.  Additional reductions in noise may be aided by further lowering capacitance 

contributions from the holder and pipette and the use of low dielectric lossiness material, e.g. 

quartz pipettes.  The extended bandwidth and fast capacitance cancellation facilitated rapid 

relaxation of capacitive charging currents to < 100 µs.  Based on these results, an optimized 

voltage protocol was developed, employing 3 voltage steps at 300 µs duration at each step, 

and enabling membrane conductance measurements every 0.9 ms.  The 0.9 ms response time 

of this low-noise, IC-sensor platform is expected to provide sufficient resolution to facilitate 

study of single cell exocytosis.   
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CHAPTER 4:  EXPRESSION, PURIFICATION, AND RECONSTITUTION OF THE 

INWARDLY RECTIFYING, ATP-SENSITIVE K
+
-CHANNEL, KIR6.2, IN PLANAR 

LIPID BILAYERS 

 

4.1  Introduction 

4.1.1.  Inwardly Rectifying K
+
 Channels (Kir) 

The eukaryotic inwardly rectifying K
+
 channel (Kir) superfamily includes seven 

subfamilies (16 channels) which perform diverse physiological functions through the 

selective permeation and homoeostasis of K
+
 ions across the cell membrane.

260
  Kir channels 

are classified according to unique channel properties, such as single channel conductance, 

extent of current rectification, type of ligand modulators, and expression pattern.
261,262

  These 

channels are directly responsible for establishing resting membrane potentials of excitable 

cells in the brain, heart, and pancreas, and thus play key roles in control of neuronal 

signaling, heart rate, blood flow and insulin release.
263,264

  Mutations causing dysregulation 

of proper Kir function result in a number of metabolic and genetic diseases, including 

diabetes, heart diseases, epilepsy, ataxia, Andersen’s syndrome, and Bartter’s syndrome.
265–

267
  Furthermore, Kir channels serve as important drug targets for a number of these 

diseases.
262,268–270

 

All members of the Kir channel family share a similar subunit topology:  a short 

aliphatic N-terminus and an extensive C-terminus oriented on the cytoplasmic face of the 

membrane, and two membrane-spanning segments (M1 and M2) connected by a pore 

forming P-loop.
62,271

  Functional channels are formed by the association of four subunits, in a 

homomeric or heteromeric fashion, generating the canonical transmembrane pore which is 

K
+
-selective.  Ion conduction through the tetrameric pore is believed to be controlled by three 

gates, a selectivity filter and inner helix gate located in the transmembrane domain, and a G-
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loop in the cytoplasmic pore.
272,273

   The cytoplasmic pore, formed by the interaction of the 

N-terminus - termed the “side helix” due to the parallel orientation to the bilayer - and the 

extensive C-terminal domain, is responsible for translating binding of ions, ligands, and 

proteins to the cytoplasmic gate.274  In addition to ion gates, all Kir channels exhibit a large K
+
 

conductance into the cell with varying degrees of rectification for K
+
 flux out of the cell, the 

latter of which occurs through the binding of intracellular Mg
2+

 and polyamines to conserved 

negatively charged residues lining the cytoplasmic pore.
117,275–278

    

Despite structural similarities, Kir channel subfamilies are modulated by a diverse 

range of stimuli.  The seven Kir subfamilies are categorized according to constitutively active 

channels (Kir2.X), G-protein-gated Kir channels (Kir3.X), ATP-sensitive channels (Kir6.X), 

and K
+
-channel transporters (Kir1.X, Kir4.X, Kir5.X, and Kir7.X).

279
  Additionally, Kir 

channels may exhibit subfamily specific regulation by pH, extracellular Na
+
, and intracellular 

K
+
.
279,280

  The formation of heteromeric channels from the same (e.g. Kir4.1/Kir4.2) or 

different subfamilies (e.g. Kir4.1/Kir5.1) may provide a mechanism of modulating the effects 

of individual stimuli and producing a greater array of channels.
281,282

 

4.1.2.  Lipid Modulators of Kir Channels 

 The activity of Kir channels depends on specific lipid interactions in cell membranes.  

The effect of the membrane-anchored inositol phosphate, phosphatidylinositol bisphosphate 

(PIP2), on Kir channels has been the most studied Kir-lipid interaction via 

electrophysiological, biochemical, and structural studies.
79,283

   Phosphatidylinositol 

bisphosphate interactions with Kir channels were first identified using KATP channels 

(comprised of SUR2A and Kir6.2), but then further shown to be an essential component for 

activating all eukaryotic Kir channels in a concentration dependent manner.
284–286

  In this 
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regard, PIP2 is considered a membrane-bound ligand for Kir channels.  Since then, emerging 

evidence has also shown Kir channels exhibit a non-specific interaction for anionic lipids and 

cholesterol.
113,287–290

  Recently, Cheng et al., demonstrated that the non-specific anionic lipid 

interaction is necessary for enhancing potency of PIP2 on the activities of full-length human 

Kir2.1 and Kir2.2.
113

   

Direct experimental evidence of the effects of specific lipid-protein interactions on 

Kir activity has primarily been conducted through application of lipids as vesicles or water-

soluble monomers/aggregates to excised cell membrane patches.
284,291

  The imprecise and 

uncontrolled nature of lipid addition to the membrane limits the ability to quantitatively 

demonstrate lipid effects in the absence of other biological signaling pathways, e.g. through 

protein phosphorylation via protein kinase A or protein kinase C.  Within this context, 

detailed investigations regarding lipid-Kir protein interactions have primarily been conducted 

with water-soluble PIP lipids.
48

  Recently, Nichols et al., have performed in vitro 

experiments on purified Kir proteins reconstituted into giant unilamellar vesicles of defined 

lipid composition.
113,117,288,292

  They illustrated full-length human Kir2.1 and Kir2.2 proteins 

require a specific interaction for 4,5-bisphosphate PIP2 (PI(4,5)P2) and an previously 

unknown, non-specific interaction for anionic lipids, including PG, PA, PS, PI, and 

cardiolipin.  In these artificial lipid environments, Kir channel activity showed a 

concentration dependence on both anionic and PIP2 lipids in the membrane.  The use of in 

vitro lipid systems to study lipid effects on purified, recombinant membrane proteins is a 

promising approach for the study of specific lipid-protein interactions.   
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4.1.3.  KATP Channels 

Pancreatic β-cells, smooth muscles, cardiac cells, and brain cells express the Kir 6.2 

subtype as part of the heterooctameric KATP channel composed of the ATP-Binding Cassette 

Protein, SURX, and the ATP-sensitive, K
+
-inwardly rectifying channel, Kir6.2.  Both 

subunits associate in a 4:4 stoichiometry,
82,264,279,293

 where  Kir6.2 forms the ion conducting 

pore and mediates ATP inhibition, whereas SURX enhances the sensitivity to ATP and 

confers the stimulatory effect of MgATP/ADP.
294,295

  An increase in intracellular 

concentrations of ATP reduces KATP channel activity, leading to membrane depolarization.  

Thus KATP channels link the cellular metabolic state to membrane electrical excitability and 

are regarded as metabolic sensors.
83

  Successful trafficking of KATP channels to the plasma 

membrane from the endoplasmic reticulum (ER) requires coexpression and coassembly of 

SURX and Kir6.2, which masks the RKR retention motifs present in both subunits.
296

  

Deletion of the last 26-36 amino acids on the C-terminus of Kir6.2 (Kir6.2Δ26-36) enables 

the expression and trafficking of Kir6.2 to the plasma membrane in the absence of SURX.
297

  

Kir6.2Δ26-36 channels retain many of the same properties as native KATP channels, 

however notable differences in mean open probability and ATP sensitivity are noted.
297

   

Among the Kir proteins, the effects of PIP2 on Kir6.2 has been extensively studied. 

Zwitteronic lipids and weakly negatively charged lipids had little effect on channel activity, 

whereas highly negatively charged lipids strongly activated KATP channels.
287

  Long-chain-

Coenzyme A esters also activate KATP channels through a similar mechanism as PIP2.
298,299

  

Modulation of cytoplasmic membrane PIP2 concentrations alters the ATP sensitivity of 

Kir6.2, with elevated PIP2 concentrations coinciding with decreased ATP sensitivity.
285

  

However, limited control of PIP2 application to excised membrane patches may overstate the  
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Figure 4.1.  Structure of KATP channels. (A) Topographical view of KATP channel 

structure.  (B)  Side view showing the transmembrane segements of Kir6.2 and SUR1.  

Reprinted with permission from Hibino et al.
279

 

 

effects of PIP2 on Kir6.2 due to the unintended preparation of membranes containing 

supraphysiological concentrations of PIP2.
291

   

4.1.4.  Kir6.2, a Model Ligand-Gated Ion Channel (LGIC) for Development of 

LGIC Biosensors 

The well-studied properties of Kir6.2 channels and lipid effects in native cell 

membranes make Kir6.2 a suitable candidate for the development and demonstration of 

ligand-gated ion channel biosensors, as motivated in this work.  To this end, overexpression 

and purification of a recombinant Kir6.2 to be reconstituted into artificial lipid bilayers of 

well-defined lipid composition possesses the capability to precisely quantify lipid effects on 

the ATP sensitivity of Kir6.2.  A number of expression systems have demonstrated 

successful expression of functional Kir6.2 channels to the plasma membrane; however, very 

few studies demonstrate the channel can be purified in a functional form.  Mikailhov et al., 

demonstrated successful expression of a Kir6.2Δ26 analog in Sf9 insect cells.
111

  They 

further showed the protein is active via 
86

Rb
+
 assay.  Wang et al., demonstrated successful 

expression of Kir6.2Δ35 in S. cerevisiae, with no discussion of optimal solubilizing 

surfactant, effects of lipids on channel activity, or channel stoichiometry.
300

 

SUR1 

Kir6.2 

Kir6.2 SUR1 A B 
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In this study, we describe the heterologous expression and purification of a C-

terminal truncated human Kir6.2 containing a N-terminal eGFP-fusion, eGFP-Kir6.2Δ26, in 

HEK293 cells.  We further demonstrate channel functionality via reconstitution into black 

lipid membranes composed of POPC, POPG, and PIP2 suspended across microapertures in 

glass pipettes.    The purified eGFP-Kir6.2Δ26 will serve as a model ligand-gated ion channel 

in the development of ion channel-based sensors in this work.   

4.2.  Methods and Materials 

4.2.1.  Materials and Reagents 

KCl, CaCl2, MgCl2, NaCl, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

(HEPES), ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 

KOH,  tris(hydroxymethyl)aminomethane (Tris), 3-(N-morpholino)propanesulfonic acid 

(MOPS), Al2(SO4)3*xH2O, and Triton X-100 were purchased from Sigma Aldrich (St Louis, 

MI).  Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA).  Minimal essential 

medium (MEM), OPTI-MEM, fetal bovine serium (FBS), penicillin/streptomycin, Zeocin, 

and L-glutamine was purchased from Gibco (Carlsbad, CA).  Fos-Choline-14, n-Dodecyl-β-

D-Maltopyranoside(DDM), n-octyl-β-D-glucopyranoside (OG), 3-[(3Cholamidopropyl) 

dimethylammonio]-1-propanesulfonate (CHAPS), were purchased from Anatrace (Maumee, 

OH).  Sodium cholate and Triton X-100 was purchased from Sigma Aldrich (St. Louis, MO).  

Schott 8250 glass capillary was purchased from World Precision Instruments (Saratoga, FL).  

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-hexadecanoyl-2-(9Z-

octadecenoyl)-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), and L-α-

phosphatidylinositol-4,5-bisphosphate (PIP2) were purchased from Avanti Polar Lipids 

(Alabaster, MO).  Anti-6xHis mouse monoclonal antibody (IgG1, His.H8) was purchased 
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from Pierce and a goat anti-mouse polyclonal  HRP-conjugated secondary, isotype IgG1 

specific, antibody was purchased from Santa Cruz Biotechnology (sc2005, Dallas, TX).  All 

reagents were used as received. 

4.2.2.  Construction of eGFP-Kir6.2Δ26 

Two Kir6.2Δ26 constructs were used in these studies, 6xHis-eGFP-Kir6.2Δ26 and a 

10xHis-eGFP-Kir6.2Δ26.  The 6xHis-eGFP-Kir6.2Δ26 construct was previously prepared by 

a former graduate student, Ben Heitz, in pcDNA3.4, HisTOPOMax vector.
301

  The 

decahistidine tag variant was prepared from the 6xHis-eGFP-Kir6.2Δ26 variant by inserting 

the nucleotide sequence 5’ – CAC CAT CAT CAC – 3’ in the middle of the 6xHis tag, using 

the forward primer 5’- CAC CAT CAT CAC CAT CAT CAT GGT ATG GCT AGC ATG 

AC – 3’ and the reverse primer 5’ – GTG ATG ATG GTG ATG ATG ATG AGA ACC ACC 

CAT GG – 3’.  PCR reactions were performed using a Lightning QuikChange Site Directed 

Mutagenesis Kit (Agilent) following the manufacturer’s recommended conditions except 

with an alteration of the annealing temperature to coincide with the designed primers (Tm = 

58 
o
C) and a reduction of the PCR volume by a factor of 2.  PCR products were monitored on 

a 0.8% (w/v) agarose gel to verify insertion cloning success.  DNA bands corresponding to 

proper length (~7300 bp) were excised and purified by Wizard SV Gel and PCR Clean Up 

System (Promega), then transformed into bacteria (XL-10 Gold Ultracompetent Cells or 

DH5α) using a standard heat shock method.  Briefly, 50 µL of bacterial cells were thawed on 

ice, followed by incubation on ice with ~100 ng DNA for 20 min.  Bacteria were heat 

shocked in a water bath (42 
o
C) for 30 seconds, incubated on ice for 2.5 min, and then 

resuspended in room temperature LB broth.  Transformed bacteria were grown on LB broth 

for 1 h (37 
o
C, 225 rpm) then plated on LB/Agar plates supplemented with 50 μg/mL 
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ampicillin, and allowed to grow for 12-16 hours at 37
o
C.  Positive bacterial colonies were 

identified by single colony PCR.  Positive colonies were further grown for plasmid prep and 

sent for sequencing (UA Sequencing Facility).  DNA sequences are provided found in 

Appendix A.   

4.2.3.  Heterologous Expression of Kir6.2Δ26 in HEK293 cells 

HEK293 cells were split into 75 cm
2
 culture flasks 48 hours before use and were 

maintained on Minimal Essential Media (MEM) supplemented with 100 U/mL 

penicillin/streptomycin and 10% FBS in 37 
o
C incubator with 5% CO2.  Cells were 

transfected with Kir6.2 constructs upon reaching 90-95% confluency.  Lipofectamine 2000 

and DNA were mixed in a 3:1 ratio (µL:µg) in Opti-MEM and incubated with cells for 4-12 

h.  Afterward, transfection solution was replaced with MEM and cells were allowed to 

recover for 48 h before harvesting or beginning Zeocin selection of stably-transfected cells. 

4.2.4.  Generation of Stably Transfected Cells 

Stably transfected HEK293 cells were prepared by seeding a 24-well plate with 

2.5x10
5
 cells/well.  24-48 h after incubation, cells were transfected with Lipofectamine 2000, 

as described above.  After 48 h, cells were selected with 100-2000 μg/mL Zeocin to generate 

polyclonal, stably transfected cell lines.  Stable cells were then sorted using flow cytometry 

to select for high fluorescence transformants at UA flow cytometry facilities.  Stable 

transfection was also verified using eGFP fluorescence by confocal microscopy, and by 

electrophysiology (described below). 

4.2.5.  Cell Harvesting and Membrane Preparation 

48 h post transfection, cells were scrapped from culture flasks and pelleted at 500 x g 

for 5 min.  Media was aspirated, cells were resuspended in phosphate buffered saline (PBS, 



141 

 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and pelleted again.  PBS 

was aspirated and cells were flash frozen with N2(l) for storage.  All additional steps were 

performed at 4 
o
C, unless otherwise stated. 

 For membrane preparation, frozen cells were thawed and resuspended with chilled 

(4
o
C) Buffer A (150 mM KCl, 25 mM Tris, pH = 8) supplemented with EDTA-free protease 

(Roche) and phosphatase inhibitors (Santa Cruz Biotechnology).  Cells were homogenized 

using 30 strokes of a dounce homogenizer rotating at 1000 rpm while on ice, resting 1 min 

every 10 strokes to cool the sample.  Unlysed cells and cell fragments were removed by 

centrifuging at 3,000 x g for 30 min.  The supernatant containing crude membranes was 

collected and the pellet was resuspended in Buffer A and subjected to homogenization 

procedures for two additional cycles.   Crude membrane fragments were pelleted by 

centrifuging at 100,000 x g for 1 hour at 4
o
C.  Cell membranes were collected, resuspended 

in Buffer A, flash frozen using N2(l), and then stored at -80 C until further use.    

4.2.6.  Purification of eGFP-Kir6.2Δ26 & Storage 

Frozen cell membranes were thawed and solubilized using Buffer A supplemented 

with 1% (w/v) Fos-Choline 14 (CMC = 0.12 mM) and slowly stirred for 3 h at 4 
o
C.  

Insoluble material was removed by centrifuging at 10,000 x g for 30 min at 4
o
C.  Supernatant 

was collected and added to Co-TALON resin (Clontech) equilibrated with 1% (w/v) Fos-

Choline 14 solution and 10 mM imidazole for 8-12 h.  Resin containing protein was added to 

a disposable polyethylene column (Pierce) and detergent concentration was reduced to 0.05% 

(1.46 mM) using batch elution with washing solutions with decreasing amounts of detergent 

(1%-, 0.5%-, 0.2%-, 0.1%, 0.05%-(w/w) Fos-Choline 14).  The resin was washed using with 

3 resin volumes of 20 mM imidazole, 40 mM imidazole, 500 mM KCl, 80 mM imidazole, 
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and protein was eluted using 250 mM imidazole.  The 250 mM imidazole fraction was 

collected, concentrated using a 100 kDa molecular weight cutoff (MWCO) filter (Sartorius) 

to ~200 µL, then injected onto a Superdex G-200 column (10 x 300 mm) equilibrated with 

0.05% Fos-Choline 14 in Buffer A + 2 mM dithiothreitol (DTT).  Fluorescence peaks were 

detected using in-line fluorescence detection using a filter-based fluorometer (Beckman 157) 

retrofitted with a 470 nm LED (Thorlabs) and a filter set containing a 470 + 20 nm bandpass 

(transmittance = 65%) and 565 + 50 nm emission (transmittance = 80%) eluting out in ~10 

mL were collected and concentrated again on a 100 kDa MWCO.   

Following purification, surfactant solubilized protein was immediately used for 

reconstitution studies or reconstituted into liposomes prepared from POPC, POPG, and PIP2 

in the desired mol ratio.  For vesicle reconstitution, 1 – 2 mg lipid was resuspended in 1 mL 

buffer B (150 mM KCl, 10 mM MOPS, pH 7.4) and sonicated for 1 h at 35 
o
C using a 

Barnstead cup-horn sonicator at 40% power output (setting 9) to generate small unilamellar 

vesicles (SUVs).  SUVs were allowed to rest for 1 h at RT, swelled with CHAPS (34 mM, 

final concentration) for 30 min at RT, then incubated with Fos-Choline 14 solubilized protein 

for 20 min at RT before beginning dialysis.  Proteoliposome/surfactant mixtures were 

aliquoted into 12 kDa dialysis tubing (SpectPor 12) and dialyzed against 1 L of buffer B (for 

24 h at 4
o
C).  Dialysis buffer was replaced every 6 h.  Proteoliposomes were recovered from 

dialysis tubing, aliquoted as 50 µL stocks, flash frozen with N2(l), and stored in the -80 
o
C 

freezer until use. 

4.2.7.  Protein Analysis    

Protein identity and purity was assessed using SDS-PAGE and Western Blots.  A 4-

15% SDS-PAGE gel (Bio-rad) was used to resolve proteins, and stained with Collodial 
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Coomassie Blue (CCB) following protocols developed by Kang et al.
302

  Aluminum sulfate 

hydrate (100 g) was mixed with 1,700 mL nanopure water and allowed to thoroughly 

dissolve before adding 200 mL 95% EtOH.  Immediately after EtOH mixing, 0.4 g of 

Coomassie Blue G-250 (CB G-250) was added to the mixture and allowed to completely 

dissolve.  Following addition of CB G-250, 47 mL of 85% H3PO4 was added to the mixture 

dropwise causing the blue solution to become dark green with visible colloids.  The solution 

and colloids were carefully transferred to a 2 L volumetric flask and then diluted to the mark 

with nanopure water.  Solutions of CCB were stored in amber bottles in dark cabinets 

without filtering, and reused until the solution color changed from dark green to slightly 

blue-green. 

Purified proteins were analyzed by SDS-PAGE and Western Blots.  Pre-cast 4-15% 

SDS-PAGE gels (Biorad) were used.  Purified protein (20-30 µL) was mixed with 6-10 µL 

sample buffer (90 µL 4X Lammeli sample buffer + 10 µL DTT), loaded onto the gel, and 

then immediately run at 120 V using Lamelli buffer (25 mM Tris, 194 mM glycine, 0.1% 

SDS, pH 8.3) until the Coomassie Blue band migrated off the gel (~90 min).  Protein bands 

were visualized by CCB staining.  For CCB staining, residual SDS was removed by soaking 

the gels for 2 x 15 min in 100 mL nanopure water, changing the water every 5 min on the 

first rinse.  Rinsed gels were then transferred to a plastic container and incubated with ~100 

mL CCB staining solution overnight at RT.  Bands were normally visible within 2 h of 

incubation. 

Protein bands were electrotransferred to nitrocellulose membranes (Sigma Aldrich) 

using a tank blotting system (C.B.S. Scientific, EBX-700).  Following SDS-PAGE runs, gels 

were rinsed with copious amounts of nanopure water to remove excess SDS.  Nitrocellulose 
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membranes, blotting paper, and gel were then equilibrated with 1X transfer buffer (10% (v/v) 

MeOH, 194 mM glycine, 25 mM Tris, pH 8.3) for 15 min with shaking prior to assembly of 

the electrotransfer sandwich.  Protein bands were transferred for 9 h at 300 mA and 60 V.  To 

probe protein complexes, nitrocellulose membranes washed with TBS (150 mM NaCl, 25 

mM Tris, pH 7.5), followed by TBS + 0.05% (v/v) Tween-20 (TBST) for 2 min each, and 

then blocked with 2% (w/v) milk protein in TBST for 1 h at RT or overnight at 4 
o
C.  

Membranes were probed with an anti-His primary antibody (Pierce) for 1 h at RT, followed 

by 2 x 2 min washes with 2% (w/v) milk protein in TBST.  Membranes were then probed 

with HRP-conjugated goat-anti mouse IgG secondary antibody (Santa Cruz Biotechnology, 

sc-2005) for 1 h at RT.  Afterwards, membranes were washed 3 x 2 min with 20 mL TBST to 

remove unbound HRP antibody.  Immunocomplexes were imaged using Pierce ECL 2 

chemilluminescent kit as directed by the manufacturer and visualized using a BioRad Chem 

Doc. 

4.2.8.  Electrophysiology and Planar Lipid Bilayers 

Data were recorded at room temperature (21-25
o
C) using a HEKA EPC10 patch 

clamp amplifier with a sampling rate of 20 kHz and filtering at 3 kHz.  Single channel 

recordings were further filtered between 0.1 – 1 kHz.  Data were recorded using 

PATCHMASTER (v 2.80) software.  Single channel conductance and mean open times were 

analyzed with Bruxton TACFit (v.4.3.3). 

Stably transfected cells were split into 35 mm petri dishes 36-48 h prior to 

electrophysiological experiments at ~ 10
5
 cells/plate.  Cell media was aspirated and replaced 

with extracellular solution (125 mM NaCl, 5.6 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mm 

HEPES, pH = 7.5).  Patch pipettes were pulled to 1-3 MΩ (Appendix B, Borosilicate Pulling 
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Program 34) for whole cell and macropatch experiments and 6-8 MΩ (Appendix B, 

Borosilicate Pulling program 46) for inside-out patches.  Pipette tips were coated with 

slygard up to the tip using an established approach with the following modifications.
225

  A 

piece of Tygon tubing was connected to a 5 mL disposable syringe using a blunted 16-gauge 

needle.  The Tygon tubing-syringe assembly was attached to the non-pulled end of the patch 

pipettes and a slight pressure was applied to the pipette interior.  The pressurized pipette was 

submerged, tip down, in slygard while maintaining pressure, then immediately cured using a 

heat gun or hot plate with the pipette tip facing upward to prevent slygard blockage of the tip.  

Pipettes were backfilled with intracellular solution (140 mM KCl, 10 mM HEPES, 2.4 mM 

CaCl2, 1.2 mM MgCl2, 2 mM EGTA, pH = 7.15) and then attached to the headstage.  A 

positive pressure (~5 psi) was applied to the pipette interior while approaching a cell to 

prevent exogenous material fouling the pipette tip.  The pipette was depressed against the cell 

membrane until an approximately 10% increase in tip resistance was noted, after which the 

pressure was released and slight suction by mouth was actuated to achieve >10 GΩ seal (cell-

attached configuration).  Fast capacitance cancellation was used to remove capacitive current 

transients arising from the pipette and amplifier.   

For whole cell experiments, short suction pulses were applied to the pipette to cause 

membrane rupture following establishment of the cell-attached configuration.  After 

membrane rupture, electrode offset potentials were corrected such that the membrane 

reversal potential coincided with 0 mV holding potential, and slow membrane capacitance 

was cancelled.  Membrane capacitance was measured via “Sine+DC” method.  Briefly, a 20 

kHz, 10 mV sine wave held at a constant +50 mV offset was applied to the cell.  The 
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membrane capacitance was computationally calculated using the LockIn extension of 

PatchMaster software (Appendix B, Sine voltage program).  

 

Table 4.1. Solutions compositions used in the electrophysiological characterization of 

eGFP-Kir6.2Δ26. 

 Solution Composition [mM] 

Solution NaCl KCl MgCl2 CaCl2 HEPES KOH EGTA pH 

EC 125 5 2 1 10   7.4 

IC (bath) 5 110 2.1 2 10 30 5 7.15 

IC (pipette) 5 110 2 1 10 30  7.15 

 

Inside-out patches and macropatches in the inside-out configuration were obtained 

within 1 min after establishing the cell-attached configuration.  Patch pipettes were quickly 

retracted from the cell surface using the Sutter Instruments MC 285 micromanipulators on 

Mode 3 or 4 (Sutter Instruments, Novato, CA) at a rate of ~10 µm/s.  Bath solution was 

immediately changed to solution B following excision.  Excised membranes were held at 0 

mV for 1 – 2 min to monitor patch stability prior to setting the holding potential to the 

desired value. 

Black lipid membranes were formed across apertures fabricated in patch clamp glass 

as described in Chapters 2 & 3, with slight modification.  Briefly, lipids dissolved in 

chloroform were dried under Ar and then lyophilized overnight.  Lipids were resuspended in 

n-decane to a final concentration of 10 mg/mL and were maintained under Ar for the 

duration of the experiment.  BLMs were formed across the pipette using a tip-dip approach.  

Briefly, a silanized pipette was briefly dipped in lipid/decane solution, then backfilled with 

buffer (150 mM KCl, 2 mM MgCl2, 10 mM MOPS, pH 7.4).  The pipette was attached to the 
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pipette holder and headstage and the tip was submerged in a bath solution containing IC 

solution.  An aliquot, 0.5 – 1.0 μL, of lipid solution was applied near the pipette tip.  The 

pipette was raised above the air-water interface and then immediately submerged back into 

solution, usually forming a bilayer with >100 GΩ seal resistance.  Bilayer formation was 

verified by applying a 1 V, 10 ms pulse which caused bilayer rupture and a return of the 

resistance to open tip values (~90 kΩ).   After bilayer formation, -70 mV was applied to the 

bilayer for 15 min while monitoring seal quality to ensure stable bilayers.   

For single channel recordings, purified, surfactant-solubilized eGFP-Kir6.2Δ26 was 

diluted 1:100-1:1000 with a 0.03% (w/v) FosCholine-14 solution and 0.5 -1.0 μL was then 

added to the bath solution 5 mm away from the BLM pipette tip and incubated for 15 – 30 

min.  Insertion events were monitored at -70 mV holding potential.  For macroscopic 

currents, 1 – 3 μL of a 1:100 diluted eGFP-Kir6.2Δ26 in 0.05% FosCholine-14 was added to 

the bath solution near the BLM and incubated for 15-30 min.  Membrane conductance was 

evaluated using Protocol A (Chapter 2) which applied 21, 200 ms voltage steps ranging from 

-100 to +100 mV in 10 mV increments.  Dose-response curves for ATP were obtained by 

normalizing membrane conductance in the presence of ATP (Gi) to conductance in the 

absence of ATP (Go) and fitting the data to the Hill Equation:  

𝐺𝑖

𝐺𝑜
= 𝑝 + 

1−𝑝

1+(
[𝐴𝑇𝑃]

𝐼𝐶50
)

𝑛    (Equation 1) 

where Gi is the membrane conductance in the presence of ATP, Go is the membrane 

conductance in the absence of ATP, p is the fraction of unblocked current in the presence of 

saturating ATP, IC50 is the concentration of ATP causing half maximal inhibition, and n is 

the Hill coefficient. 
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 For reconstitution via vesicle fusion with proteoliposomes, frozen stocks were thawed 

at RT.  Dynamic light scattering (DLS) was performed to ensure a monodisperse size of 

vesicles ~100 nm in diameter.  If larger vesicles were observed, the proteoliposomes were 

extruded through a porous polycarbonate filter with mean diameters ca. 100 nm prior to use. 

4.3.  Results & Discussion 

The ATP-sensitive, inwardly rectifying K
+
 channel, Kir6.2, is a well-studied ligand-

gated ion channel which has been successfully expressed and characterized in oocytes, 

mammalian, yeast, and insect cells.
111,297,300,303–307

  Though the study Kir6.2 is important for 

understanding glucose stimulated insulin secretion in pancreatic β-cells, there is a lack of 

protocols describing suitable purification conditions to produce proteins for biochemical and 

structural studies.  Wang et al., previously demonstrated successful expression of a Kir6.2 

variant with 35 residues removed from the C-terminus, Kir6.2Δ35, in Chinese hamster vvary 

(CHO) cells and Saccharomyces cerevisiae.
300

  Purified Kir6.2Δ35 retained functionality in 

liposomes composed of the PC/PE (1:5), as evidenced by channel inhibition via application 

of ATP.  However, in-depth studies illustrating preservation of channel stoichiometry, 

optimal detergent usage, and ATP-dose response was not investigated.  To facilitate the 

preparation of ligand-gated ion channel biosensors, we developed a purification protocol of 

Kir6.2 from HEK293 cells.  A chimeric variant of Kir6.2, containing (i) a N-terminal 

histidine tag and eGFP to facilitate protein purification and visualization, respectively and (ii) 

removal of the last 26 residues from the C-terminus to enable cell membrane trafficking of 

Kir6.2 in the absence of SUR1,
297

 was constructed.  This construct is denoted eGFP-

Kir6.2Δ26 (Fig 1A).   
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4.3.1.  Cellular Distribution of eGFP-Kir6.2Δ26 

Confocal microscopy was used to determine cellular distribution and trafficking of 

eGFP-Kir6.2Δ26.  Figures 1B & C illustrate the complex, delocalized fluorescent distribution 

of eGFP-Kir6.2Δ26 in representative transfected cells.  The fluorescence profile was distinct 

from profiles observed in non-transfected cells, and control cells expressing only eGFP 

(Figure 1D).  Specifically, eGFP-Kir6.2Δ26 expressing cells exhibited two prominent 

fluorescent patterns,(i) increased fluorescence intensity around the nucleus which extended in 

a “web-like” pattern away toward the cell periphery (Fig 1B), and (ii) punctate intracellular 

fluorescence that was largely homogenously distributed in the intracellular space (Fig 1C).  

Lower fluorescence intensity in the cell membrane indicate that a majority of eGFP-

Kir6.2Δ26 does not traffick to the membrane, but instead remains associated with 

intracellular membrane structures in the absence of SUR1, and despite deletion of the 

endoplasmic reticulum (RKR) retention signal.
264,297,303,308

   

These fluorescent expression profiles show some distinct similarities and differences 

from studies by others expressing Kir6.2/GFP fusion constructs.  Our results are similar to 

studies by John et al., where full-length Kir6.2 constructs prepared with a C-terminal GFP 

(Kir6.2-GFP) exhibited dim fluorescence in the plasma membrane and significant protein 

retention in intracellular membrane compartments, identified as the ER and Golgi, without 

expression of SUR1.
303

  In contrast, Makhina & Colins report Kir6.2-GFP, expressed in the 

absence of SUR1, shows significant fluorescence intensity in the plasma membrane in 

HEK293 cells.
309

 However, notable fluorescence was also present in the ER and Golgi.  Zhao 

et al., expressed a N-terminal eGFP-Kir6.2 fusion construct with the last 26 amino acids 

removed from the C-terminus (eGFP-Kir6.2Δ26) and noted strong fluorescence in the plasma 
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membrane.
310

  It is presently unclear the degree to which (i) the presence and position of GFP 

and (ii) the maintenance or removal of the C-terminal RKR retention signal alters expression 

patterns in Kir6.2/GFP constructs.   

 

 

Figure 4.2.  Topographical structure of eGFP-Kir6.2Δ26 and expression patterns in 

HEK293 cells.  (A) Cartoon representation of a eGFP-Kir monomeric unit.  (B & C) 

Representative confocal images illustrating the cellular distribution of eGFP-Kir6.2Δ26. (D) 

HEK293 cells expressing just eGFP, as a control.  eGFP expressing cells were co-stained 

with Hoescht 33342 to show the nucleus.  The white bar in each image represents 10 μm.  

Images courtesy of Colleen Janczak.   
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In addition to ER retention signals, KATP channels undergo rapid internalization from 

the plasma membrane by clathrin-mediated endocytosis.  Mankouri et al., demonstrated that 

Kir6.2 contains putative 
330

YXXF
333

 tyrosine –based motifs in C-terminal residues which 

govern endocytosis of KATP channels.
311

  Using confocal microscopy and immunostaining, 

they showed Kir6.2 internalization occurs on the minute timescale at physiological 

temperatures (37
o
C), producing punctate fluorescent signatures in the intracellular 

compartment, similar to the patterns observed here.  Overall, cellular localization patterns 

demonstrated by eGFP-Kir6.2Δ26 expressing cells studied here agree with observations 

made by others. 

4.3.2.  Electrophysiological Characterization of eGFP-Kir6.2Δ26 

Patch clamp experiments were further used to verify channel function in eGFP-

Kir6.2Δ26 constructs.  Whole cell patch clamp experiments were performed to examine 

whether functional channels were trafficked to the cell membrane.  Figure 2 shows 

representative i-V curves for non-transfected and stably-transfected HEK293 cells.   

Conductance plots normalized to cell capacitance illustrated >6-fold enhancement in 

membrane conductance for eGFP-Kir6.2Δ26 expressing cells when compared to WT cells, as 

well as a reversal in voltage polarity at which current rectification was observed.  Cells 

expressing eGFP-Kir6.2Δ26 exhibited membrane currents >300 pA/pF at -100 mV, 

compared to ~40 pA/pF for WT cells.  However, whole-cell conductance curves show 

similar i-V profiles and magnitudes as Aziz et al.
312

  Our results are in contrast to 

observations by Zhao et al., which stated eGFP-Kir6.2Δ26 constructs were not functional in 

the membrane.
310
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Figure 4.3.  Whole cell i-V curves for HEK293 cells. Representative whole cell membrane 

conductance curves normalized to cell capacitance (pF) for WT (●) and eGFP-Kir6.2Δ26-

expressing (■)HEK293cells. 

 

eGFP-Kir6.2Δ26 channel properties and ATP sensitivity were further examined using 

macropatches in the inside-out configuration using symmetric K
+
 across the membrane.  

Figure 3A shows a typical i-V curve illustrating characteristic current rectification patterns 

for Kir6.2 in excised macropatches containing multiple active channels.  Reduced current 

magnitudes were observed for outward K
+
 currents (positive potentials).  Dose-response 

curves for ATP were obtained by applying ATP to the bath solution (cytoplasmic face of the 

membrane).  Normalized membrane conductance data fit to the Hill Equation (equation 1) 
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calculates an IC50 = 110 ± 33 µM, with a Hill coefficient, n = 0.89.  These values are in 

agreement with literature values obtained from oocyte and mammalian cells.
297,303

   

 

Figure 4.4. Electrophysiological data showing eGFP-Kir6.2Δ26 channel properties and 

ATP sensitivity. (A) Representative data illustrating the i-V relationship for macropatches 

excised from eGFP-Kir6.2Δ26 expressing HEK293 cells with symmetric K
+
 solutions across 

the membrane.  Current rectification is observed at positive applied voltages.  (B) ATP dose-

response curve for eGFP-Kir6.2Δ26 in excised patches.  Each normalized conductance point 

is the mean of 3 independent measurements. 

 

Collectively, these results provide evidence that functional eGFP-Kir6.2Δ26 are 

properly trafficked to the cell membrane.  Importantly, the presence of the N-terminal His-

A 

B 
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tag and eGFP do not interfere with the channel sensitivity to ATP.  However, further studies 

are needed to evaluate the single channel properties and open/closed kinetics. 

4.3.3.  Membrane Isolation and Detergent screening 

After demonstrating eGFP-Kir6.2Δ26 is a functional and ligand-gated, we next 

developed a purification scheme for the extraction of eGFP-Kir6.2Δ26.  Cellular membranes 

of transfected cells were isolated via subcellular fractionation to remove interfering proteins 

from the cytoplasm and other organelles.  Importantly, the non-specific pelleting of cell 

membranes at 100,000xg overcomes the delocalized cell membrane trafficking. 

Proper selection of suitable a detergent which optimally solubilizes membrane proteins and 

offers a membrane mimetic environment for maintaining the native protein oligomeric state, 

function, and stability, but minimizes aggregation, is a major hurdle in membrane protein 

purification.  To facilitate rapid detergent screening while simultaneously assessing the 

protein oligomeric state, we employed a fluorescence size exclusion chromatography (FSEC) 

methodology, as developed by Kawate and Gouaux.
135,313,314

  Crude membranes isolated 

from eGFP-Kir6.2Δ26 expressing cells were solubilized with the following detergents:  1% 

CHAPS, 1% Cholate, 1% DDM, 1% Fos-Choline 14, or 2% OG.  Solubilized material was 

directly injected onto a Superdex G-200 column outfitted with a fluorescence detector.  

Figure 4.4 shows an overlay of representative chromatograms of each solubilized fraction.  

All detergents illustrated significant protein aggregate (~7.5 mL) and monomer peaks (~16 

mL).  Both Fos-Choline14 and DDM showed pronounced peaks between 9.5-11.5 mL which 

were later identified as peaks associated with the eGFP-Kir6.2Δ26 tetramer and an oligomer. 

Protein solubilized by cholate showed a broad peak around the aggregate, tetramer, and 

oligomer peak, possibly suggesting an unstable oligomer undergoing rapid equilibration on 
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the timescale of the separation, whereas OG and CHAPS solubilized little Kir6.2 tetramer or 

oligomer.  Of the 5 detergents evaluated, Fos-Choline 14 solubilized the largest amount of 

protein and exhibited the largest tetramer peak.  Thus, Fos-Choline 14 was chosen for further 

studies.  These results agree with studies by D’avanzzo et al., which showed maltosides and 

glucosides exhibited lower extraction efficiencies than Fos-Choline 14.
112

    

 

Figure 4.5.  Detergent screening via fluorescence size exclusion chromatography 

(FSEC).  Crude membrane fractions were solubilized by different detergents and evaluated 

by FSEC.   

 

 

4.3.4.  Purification and Analysis of eGFP-Kir6.2Δ26. 

We then designed a two-step purification method for eGFP-Kir6.2Δ26 consisting of Co-

TALON IMAC, followed by SEC.  Figure 4.5A & B illustrate the IMAC elution profiles of 

6xHis-eGFP-Kir6.2Δ26 and 10xHis-eGFP-Kir6.2Δ26, respectively, as examined by FSEC.  

The 6xHis variant of eGFP-Kir6.2Δ26 exhibited relatively weak binding to Co
2+

-resin, 

agg 

tetramer monomer eGFP 
multimer 
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showing significant protein elution in non-specific imidazole washes (>30 mM imidazole).  

We estimate about 40% of the protein is eluted at 40 mM imidazole.  The data suggest that 

the His-tag may be occluded by the quaternary structure of Kir6.2 or the micelle structure, 

thus reducing efficient histidine chelation with IMAC resin.  While reconstitution 

experiments (described below) were obtained using this construct, interfering ATP-

insensitive ion channels coeluted with Kir6.2, and not separated via SEC, caused difficulties 

in ion channel characterization, particularly single channel recordings.  To overcome this 

limitation, we prepared a decahistidine tagged variant of eGFP-Kir6.2Δ26 via insertion of 

4xHis in the middle of the 6xHis tag.  The 10xHis variant showed improved IMAC elution 

profiles; ~20% of protein eluted at 40 mM imidazole, with ~40-50% of protein eluting at ≥80 

mM imidazole.  Thus, additional studies were continued on the 10x-His-eGFP-Kir6.2Δ26.   

Fluorescent peaks eluting at ~7.5-, 10-, and 12-mL were collected and analyzed by 

SDS-PAGE and Western blot (Figure 4.6).  In-gel fluorescence images displayed a 

prominent four band structure in the IMAC purified fraction, as well as in lanes 

corresponding to FSEC peaks 1 and 2, whereas peak 3 showed a weakly fluorescent band at 

~55 kDa.  Monomers for 6xHis/10xHis-eGFP-Kir6.2Δ26 constructs are expected to be ~75 

kDa, though anomalous migration behavior in SDS-PAGE gels has been observed for several 

K
+
-channels, and is a common feature of membrane proteins.

111,112,315,316
  Western blots 

probing with an anti-His primary antibody confirmed the fluorescent bands belonged to Kir 

proteins.  These data suggest that the  Kir protein peak at 10 mL is likely in a single 

tetrameric state, where the four band structure observed in SDS-PAGE result from the SDS-

resistant breakdown of the tetramer into smaller, fluorescent oligomers. 
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Figure 4.6.  Comparison of Co-TALON IMAC elution profiles of (A) 6xHis-eGFP-

Kir6.2Δ26 and (B) 10xHis-eGFP-Kir6.2Δ26 proteins.   
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Figure 4.7.  SDS-PAGE and Western Blots for 10xHis-eGFP-Kir6.2Δ26.  SDS-PAGE 

gels showing (A) in-gel fluorescence and (B) corresponding immunoblot. Immunoblot 

showing protein bands probed with an anti-6xHis primary antibody and HRP-conjugated 

secondary antibody. Lane assignments are: (A) affinity chromatography fraction, (1) peak 1, 

(2) peak 2, and (3) peak 3.   

 

4.3.5.  Reconstitution of eGFP-Kir6.2Δ26 into BLMs   

To test whether purified eGFP-Kir6.2Δ26 were functional, proteins were 

reconstituted into BLMs as surfactant-solubilized proteins.  A ternary mixture composed of 

POPC:POPG: PIP2 in a 89.5:10:0.5 mol ratio was chosen as a model membrane composition 

based on studies performed on human Kir2.1/2.2 by Cheng et al.
113

  Figure 4.7A shows 

representative single channel currents for reconstituted eGFP-Kir6.2Δ26 at -70 mV, with 

symmetric K
+
 across the membrane.  Single channel recordings displayed mean channel 

currents of 4.33 ± 0.38 pA (n =102, opening events), corresponding to a single channel 

conductance of 61.8 ± 0.54 pS.  These values fall within the range reported literature 

values.
298,317

 The addition of 10 mM ATP to the cis side (oriented toward the bath solution) 
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of the BLM resulted in pronounced channel closure demonstrating that Kir6.2 functionality is 

successfully maintained throughout the purification process.  Active channels displayed a 

bimodal mean open time consisting of 7.9 ms and 61.9 ms (n=2911), where the slow 

component comprised ~8% of all recordings (Figure 4.7B).  Studies with Kir6.2Δ26-36 in 

excised patches suggest channel kinetics are well fit to a single exponential that is in 

agreement with the shorter mean open time observed here.
298,318

  However, the presence of a 

longer open time is more similar to channel kinetics observed in native KATP channels.
319

  It 

is presently unclear whether this is an effect of the N-terminal eGFP, or the lipid 

composition. 
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Figure 4.8.  Single channel properties of purified eGFP-Kir6.2Δ26 reconstituted into 

BLMs composed of POPC:POPG:PIP2 in a 89.5:10:0.5 mol ratio.  A) Representative 

single channel recordings at a -70 mV holding potential when 0 mM ATP (top) and 10 mM 

ATP (bottom) is applied to the cis side of the bilayer.  B) Mean open time histogram for 0 

mM ATP conditions (n=2911). 
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4.3.6.  Evaluation of Surfactant-Solubilized Protein Addition and Vesicle Fusion 

for Protein Reconstitution 

Two reconstitution methodologies were evaluated to incorporate purified Kir6.2 into 

preformed BLMs, (i) addition of surfactant solubilized protein and (ii) vesicle fusion with 

proteoliposomes.  Of the two methods, vesicle fusion is the preferred choice for membrane 

protein reconstitution, owing to the enhanced protein longevity in native bilayer structures 

over surfactant micelles, and the ability to provide long term storage of proteoliposomes.
131

  

In both methods, ion channel orientation and ease of IC reconstitution was assessed.   

For the reconstitution of surfactant-solubilized proteins, 0.5 – 1 µL solubilized Kir6.2 (3x 

CMC) was added to the bath, approximately 5 mm away from the cis side of the BLM while 

monitoring the current at a holding potential of -70 mV.  Typically, multiple ion channels 

were reconstituted into BLMs.  Figure 4.8A shows a typical current trace following 

application of 10 mM ATP to the cis side of the BLM.  Membrane conductance decreased 

~75% within 15 s of ATP application, with single channel opening/closing events observable 

~3 min after application.  The near complete reduction of membrane current observed at 10 

mM ATP suggests a preferred IC orientation with the ATP-binding domain oriented toward 

the cis side of the membrane; the same side at which protein was aliquoted.   The 

unidirectional outcome in Kir6.2 orientation could result from the large energy barrier 

required for the translocation of eGFP and the large C-terminus of Kir across the membrane.  

In IC sensor applications, as motivated in this work, unidirectional reconstitution of ICs 

presents the optimal sensing configuration as all ligand-binding domains are unilaterally 

accessible, thus maximizing ligand-induced changes in membrane conductance.   
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Figure 4.9.  Evaluation of ATP effects on purified eGFP-Kir6.2Δ26 reconstituted via (A) 

addition of surfactant solubilized protein or by (B) fusion of proteoliposomes.  Blue 

arrows indicate the application of 10 mM ATP to the cis side of the membrane. 
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Kir6.2 channels reconstituted via vesicle fusion adopted distinct membrane 

orientations as compared to the surfactant addition method.  Figure 4.8B shows a 

representative current trace illustrating a vesicle fusion event at a holding potential of -70 

mV.  An initial disturbance in membrane current was observed during the fusion event, 

followed by a sustained increase in membrane current.  In contrast to Kir6.2 proteins 

reconstituted via surfactant solubilized, application of 10 mM ATP to the cis side of the 

bilayer following vesicle fusion resulted in a 40-60% decrease in total membrane current (n = 

4).  Notably, residual membrane currents did not relax to single channel currents, suggesting 

that reconstituted proteins may adopt bidirectional orientation in the bilayer.  Hence, a 

persistent current background is observed.   

The formation of proteoliposomes from detergent solubilized proteins and liposomes 

can result in reconstituted proteins with asymmetric orientation, with limited control over 

protein directionality.
130,320–322

  As a result, integral membrane proteins incorporated into 

planar lipid bilayers via the vesicle fusion method adopt bidirectional bilayer orientations.  

Ligand application to one side of the bilayer for this distributed protein geometry only affect 

the fraction of proteins adopting the correct orientation, and thus represents a suboptimal 

sensing configuration.   

Evaluation of protein reconstitution found both surfactant-solubilized protein addition 

and vesicle fusion equally simple, though noticeable drawbacks for each method were 

observed.  Aliquoting 1 µL of surfactant/protein or vesicles near the BLM resulted in single 

to multiple reconstituted channels within 30 min of application.  Though multiple channels 

were reconstituted in a single aliquot via addition of surfactant-solubilized protein, BLM 

integrity was markedly lower following protein reconstitution.  For example, 
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unfunctionalized BLMs generally exhibited longevities > 2 hours while maintaining high 

resistance seals > 100 GΩ, whereas protein-functionalized BLMs often exhibited stabilities ≤ 

15 min and no more than 1 h.  In many instances, bilayers would rupture without indication.  

These observations may result from excess surfactant which also partitions into the BLM, 

compromising its integrity.  Additionally, the low CMC of Fos-Choline 14 (CMC = 0.12 

mM) requires large volumes of buffer to dialyze away.  In contrast, the vesicle fusion method 

generally maintained higher BLM stability following reconstitution, though instantaneous 

BLM rupture following a fusion event was occasionally noted.  For larger pipette apertures, 

ca. 20 µm, proteoliposomes could be aliquoted on the cis side of the BLM if liposomes were 

aliquoted within <1 mm from the aperture.  However, the frequency of fusion with this 

approach using smaller pipette apertures (ca. 3 µm) was greatly reduced.  To overcome this 

issue, a diluted (1:10-1:100) portion of proteoliposomes was added to the interior of the BLM 

pipette, and then a BLM was formed over the aperture.  Vesicle fusion events were typically 

observed within 30 min – 1 h after bilayer formation, and persisted for ~ 30 min.  This 

approach, while maintaining BLM integrity, was difficult to implement due the uncontrolled 

addition of protein to the BLM.  Additionally, the frequency of bilayer rupture using smaller 

diameter apertures and vesicle fusion increased.  Based on these observations, and the 

apparent protein orientation, further reconstitution studies were performed via surfactant-

solubilized protein addition. 
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4.3.7  Evaluation of eGFP-Kir6.2Δ26 ATP Sensitivity 

Dose-response curves with ATP were obtained using macroscopic recordings with > 

25 channels reconstituted into BLMs via surfactant solubilized protein addition.  Figure 4.9A 

shows a representative current plot showing the membrane currents elicited for 200 ms 

voltage steps ranging from -100 to +100 mV in 10 mV increments.  Figure 4.9B shows the 

same membrane after application of 10 mM ATP.  Membrane conductance plots of 

reconstituted, purified ion channels did not exhibit significant current rectification compared 

to whole cell recordings or excised inside-out macropatches from stably-transfected HEK293 

cells, similar to observation by Kurata.
117

  Additionally, the potency of ATP on purified 

Kir6.2 channels was significantly different than channels in excised patches.  Figure 4.9C 

shows 10 mM ATP inhibited ~70% of total membrane currents, whereas Kir6.2 channels in 

membrane patches showed > 95% inhibition.  Fitted data calculated an IC50 ~ 5 mM for ATP, 

a value 40-fold greater than that observed in cell membranes.  Unforunately, there is little 

literature demonstrating functional Kir6.2 activity in artificial lipid bilayers for us to 

compare.  Wang et al., purified Kir6.2Δ35 from S. cerevisiae and reconstituted it into giant 

liposomes, then performing patch clamp on giant liposomes, they demonstrated a Kir6.2 

maintained function after purification using ATP and photolabeled ATP analogues.
300

  

However, they do not report a dose response curve.  Surprisingly, the liposomes did not 

contain PIP2.  Mikhailov et al., expressed and purified Kir6.2Δ26 from Sf9 insect cells.  Ion 

flux assays with 
86

Rb
+
 demonstrated the protein was active, however ATP sensitivity was not 

evaluated.
111

 

Overall, the studies described in this work demonstrate that a functional Kir6.2 

protein can be expressed and purified from HEK293 cells.  Reconstituted Kir6.2 proteins 
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exhibit a higher IC50 than in native cell membranes for the bilayer compositions we prepared.  

Future studies should vary the membrane composition to observe effects on Kir6.2 ATP 

sensitivity.   

 

 

Figure 4.10.  Membrane conductance and ATP dose-response curves for Kir6.2-

functionalized BLMs prepared from POPC:POPG:PIP2 in a 0.895:0.1:0.5 mol ratio.  
Macroscopic currents in the presence of (A) 0 mM ATP and (B) 10 mM ATP, and an (C) 

ATP dose response curve. 
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4.4.  Conclusions 

In this chapter, a novel protocol was described which successfully allows expression 

and purification of a functional ATP-sensitive, K
+
 channel, Kir6.2Δ26, from HEK293 cells.  

Electrophysiological characterization of stably transfected cells expressing eGFP-Kir6.2 via 

whole cell and excised patches established the protein is successfully trafficked to the 

membrane and maintains native single channel properties and ATP sensitivity.  We further 

developed a two-step purification scheme consisting of Co
2+

-affinity chromatography and 

size exclusion chromatography to yield sub-μg to μg quantities of protein which maintain a 

tetrameric form during the purification process.  This purified protein was shown to maintain 

functionality as evidenced by reconstitution into BLMs prepared from POPC, POPG, and 

PIP2. Unexpectedly, reconstituted Kir channels demonstrate a lower sensitivity to ATP, with 

a predicted IC50 ~ 5 mM.  While the yield is low, this method should be relatively easy to 

implement with suspended mammalian cells lines to provide large scale production of 

Kir6.2.
136

   

Additionally, we evaluated two reconstitution methodologies, surfactant-solubilized 

protein addition and vesicle fusion, based on their ease of use and protein orientation.  Both 

methods were equally simple to implement, however, surfactant-solubilized proteins 

demonstrated a preferred orientation, whereas vesicle fusion resulted in a distributed 

orientation.  Based on these results, surfactant-solubilized protein provide the needed protein 

orientation and ease of protein reconstitution which should facilitate preparation of Kir6.2-

functionalized BLMs for studies of ATP release from single cells.  Further studies are needed 

to evaluate the effects of the bilayer lipid composition on ATP sensitivity. 

 

 



168 

 

CHAPTER 5:  EXPRESSION AND CHARACTERIZATION OF M2-KIR & D2-KIR 

ION CHANNEL-COUPLED RECEPTORS in HEK293 CELLS  

5.1.  Introduction 

5.1.1.  G Protein-Coupled Receptors  

 G protein-coupled receptors (GPCRs), or seven transmembrane (7TM) receptors,  

account for over 800 receptors in the human genome which mediate a plethora of 

physiologically important processes.
323

  Binding of an extracellular ligand to a GPCR is 

translated to specific intracellular responses through signal propagation across the plasma 

membrane and activation of cytoplasmic heterotrimeric G-proteins.
324

  Despite a conserved 

7TM architecture, diverse residue compositions on the extracellular N-terminus and 

transmembrane helices enable sensing of a multitude of chemically distinct stimuli including 

ions, small molecules, lipids, peptides, or proteins.
325

  It is no wonder GPCRs are adept 

transmembrane sensors involved in smell, taste, neurotransmission, immune response, mood 

and behavior regulation, and metabolism.
324,326

  Conversely, aberrant receptor function is 

implicated in a wide range of disease states including HIV, cancer, cardiovascular diseases, 

neurological diseases and inflammatory diseases.
327–330

  Expectedly, drugs targeting GPCRs 

account for upwards of 50% of all FDA-approved drugs to manage symptoms of these 

diseases.
326,331,332

  Thus, efforts to elucidate structure-function relationships, signaling 

pathways, and identify effective drugs remain important research areas for understanding the 

pathogensis of GPCR-related diseases and advancing drug discovery endeavors. 

5.1.2.  Challenges in GPCR Drug Discovery 

Several limiting factors present major challenges in the study of recombinant GPCRs.  

Native expression levels of GPCRs are low, thus necessitating large-scale heterologous 
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expression of recombinant proteins.
333

  Individual proteins require time-intensive 

optimization of expression, isolation, and purification conditions to achieve appreciable 

quantities of high-purity, functional proteins suitable for biochemical assays or structural 

studies.  Furthermore, a commonly used detergent solubilization step is required to release 

proteins from the membrane environment.  However, detergent solubilization can cause 

extensive protein delipidation, resulting in thermally unstable membrane proteins.
334,335

  

Protein engineering of GPCRs has become a popular apparoach to enhance the thermal 

stability and facilitate production of GPCR crystal structures.  Three such methods are: (i) 

use of antibodies or nanobodies as stabilization agents;
324,336,337

 (ii) insertion of T4 phage 

lysozyme (T4L) or apocytochrome b562RIL (BRIL) or rubredoxin domains;
338

 and (iii) 

thermostabilizing point mutations in the GPCR itself.
339

  Unfortunately, these modifications 

can hinder GPCR interactions with G proteins, complicating downstream functional assays 

utilizing G protein-dependent signaling.
340

  Additionally, some thermostability enhancing 

point mutations may affect the activity of the GPCR and their impact must be tested against 

the WT receptor.
341

  Therefore, activity tests of thermostable GPCR variants are limited to 

assays utilizing ligand binding properties, e.g. fluorescent and radioligand binding assays. 

 In addition to challenges in expression and purification of GPCRs, several challenges 

are encountered in the screening of drugs and ligands.  Since GPCRs are transmembrane 

proteins, receptor function requires a lipid bilayer or suitable membrane mimetic 

environment to retain native function.  The most commonly used method for high-throughput 

screening of GPCRs drug candidates relies on cells overexpressing the GPCR of interest, 

with detection of downstream effectors (e.g. ion channels) or secondary messangers (e.g. 

Ca
2+

) as reporters for potential targets.
342

  However, indirect detection of receptor-ligand 
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binding often results in false positives due to off-target activation of other endogoneous 

receptors present in the cell membrane.  Direct measurement of ligand-GPCR interactions 

still relies on the use of fluorescent and radioligands.
343

  Though these remain powerful tools 

for evaluating direct binding events, these molecules require complex synthesis protocols.  In 

the case of fluorescent ligands, addition of the large fluorophore can modulate the binding 

properties of the parent molecule.  More recently, structure-based strategies relying on the 

>100 available crystal structures of GPCRs in the apo or agonist/antagonist bound form to 

provide models for in silico receptor docking simulations to generate new drug leads has 

received considerable attention.
344,345

  This approach has been successful in the identification 

of drug leads for the β2-adrenergic receptor, A2-adenosine receptor, 5-HT1b-serotoninin 

receptor, and M3-muscarinic receptor.
80

 

5.1.3.  Ion Channel-Coupled Receptors:  G Protein-Coupled Receptor-Kir6.2 

Fusion Proteins 

A relatively new method for the functional characterization of GPCRs was developed 

by Moreau et al. in 2008.
346

  Inspiration for this approach was derived from KATP channels, 

heterooctameric ion channel complexes composed of the ATP Binding Cassette protein 

(SURX) and the ATP-sensitive, K
+
-selective ion channel, Kir6.2.

83
  The gating properties of 

Kir6.2 are allosterically modulated by ligand-induced conformational changes in SURX.  

Therefore, it was hypothesized that Kir6.2 contained key structural determinants which could 

facilitate regulation by other transmembrane proteins.  The first transmembrane proteins 

tested were composed of the human muscarinic acetylcholine receptor, M2, and the 

dopaminergic receptor, D2, GPCRs.  GPCRs do not readily associate with Kir6.2, thus fusion 

constructs were prepared whereby the C-terminus of the GPCR was fused to the N-terminus 
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of Kir6.2 to facilitate protein-protein interaction.   Studies in Xenopus oocytes demonstrated 

that these GPCR-Kir6.2 chimeric proteins were functional; ligand-induced conformational 

changes in GPCR structure, upon application of agonists or antagonists, modulated the 

open/closed probability of Kir6.2.  Importantly, the conformational response of this ion 

channel-coupled receptor (ICCR) was independent of G-protein activation, illustrating the 

feasibility of these ICCR proteins to directly report binding events from the GPCR domain.  

Since the initial paper, the ICCR concept
347

 has been extended to β2,
348

 opsin,
349

 oxytocin,
306

 

and olfactory GPCRs.
350,351

  

To date, ICCRs have been predominately expressed in Xenopus oocytes.  Recently, 

Lim, et al. have demonstrated HEK293 cells may be a suitable mammalian system for 

expressing ICCRs.
350

  Using an olfactory GPCR, they were able to demonstrate that crude 

plasma membrane nanovesicles immobilized on single-wall nanotube field-effect transistor 

biosensors accurately monitored changes in FET impedance upon addition of odorants 

targeting the GPCR.  However, they did not report properties such as protein orientation, 

protein localization, or single channel properties.     

 In this work, we describe the expression and characterization of ICCRs containing 

either the human muscarinic acetylcholine GPCR (M2) or the human dopaminergic GPCR 

(D2) in HEK293 cells.  We provide evidence that both ICCRs successfully traffick to the cell 

membrane using immunohistochemistry.  Furthermore, whole-cell and excised patch clamp 

assays demonstrate the channels are functional.  Single channel recordings provide evidence 

suggesting correct orientation in the cell membrane with the GPCR binding domain oriented 

to the extracellular compartment and the Kir6.2 ligand binding domain oriented toward the 

cytoplasmic compartment.  Perfusion of the extracellular membrane leaflet with GPCR 
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ligands modulates channel activity, whereas perfusion with ATP to the intracellular 

membrane face induces channel closure.   

5.2.  Materials and Methods 

5.2.1.  Materials and Reagents   

Carbamoyl chloride (CCh), dopamine hydrochloride (DA), disodium adenosine 

triphosphate (ATP), glucose, KCl, CaCl2, MgCl2, NaCl, 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES), 2,2',2'',2'''-(Ethane-1,2-diyldinitrilo)tetraacetic acid (EDTA), 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA),  KOH, and 8 

mm i.d. cloning cylinders were purchased from Sigma Aldrich (St. Louis, MI).  Perchloric 

acid (HClO4) was purchased from Macron Fine Chemicals (Clever Valley, PA).  

Dodecylmaltopyranoside (DDM) was purchased from Acros Organics.  Minimal Essential 

Media (MEM), Penicillin-Streptomycin (Pen-Strep), Phosphate-Buffered Saline (PBS), 

Geneticin, Opti-MEM, Fetal Bovine Serum (FBS), Hoescht 33342, and Lipofectamine 2000 

were purchased from Invitrogen (Carlsbad, CA).  Mouse anti-HA IgG primary antibody 

(HA.11) was purchased from Biolegends (HA.11; San Diego, CA).  Nitrocellulose blotting 

membranes and goat anti-mouse IgG, AlexaFluor 568-conjugate were purchased from 

Thermo Scientific (A-11004).  Goat anti-mouse IgG, HRP-conjugated secondary antibody 

was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  Eticlopride hydrochloride 

was purchased from Tocris Biosciences (Bristol, UK).  The restriction enzymes MluI and 

MfeI, Cutsmart restriction digestion buffer, and 1 kb DNA ladder were purchased from New 

England Biolabs (Ipswich, MA).  All reagents were used as received.   
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5.2.2.  Plasmid Construction   

M2-Kir6.2 and D2-Kir6.2 were cloned into the pXoom vector by Dr. Christophe 

Moreau.  DNA sequences are found in Appendix A.  pXoom vectors coexpress the intended 

ICCR and an eGFP reporter protein for identification of transfected cells.  Additionally the P-

loop of Kir6.2 contains an 11 amino acid extension and a hemagluttanin (HA) epitope tag, as 

described by Zerangue et al.,
296

 to provide an extracellular handle for identifying ICCR 

orientation.   

5.2.3.  Cell Transfection   

HEK293 cells were maintained in MEM supplemented with 10% (v/v) FBS and 100 

U Pen-Strep.  Cells were split and seeded into a 24-well plate or 35 mm dish at 10
6
 cells, 24 h 

prior to transfection.  For transfection, cell media was aspirated and replaced with Opti-

MEM.  Transfection reagent was prepared in a 3:1 ratio (μL Lipofectamine 2000 : μg DNA) 

in Opti-MEM media, as directed by the manufacturer, and allowed to incubate with cells for 

4-6 h at 37
o
C.  Transfection reagent was then aspirated, and then cells were maintained on 

MEM for 24 h for stably transfected cells or 48 h for transiently transfected cells. 

5.2.4.  Generation of Stably Transfected Cells   

M2-Kir and D2-Kir (pXoom) were linearized upstream of the human cytomegalovirus 

(CMV) promoter using the unique restriction sites MluI (M2-Kir) and MfeI (D2-Kir) for 1 

hour at 37
o
C following the manufacturers’ instructions. Restriction enzymes were heat 

inactivated at 80
o
C for 30 min.  Restriction digestion efficiency was evaluated by running 

digested products on a 0.8% (w/w) agarose gel at 120 V and comparing the length to a 1 kb 

DNA ladder.  Linearized plasmids were incubated with Lipofectamine 2000 using the same 

protocol as transient transfection. 24 h post transfection Geneticin was added to individual 
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wells in (100-, 200-, 500-, 1000-, or 2000-μg/mL concentrations) for stable transformant 

selection.  48 h after addition of Geneticin, cells were split into separate 10 cm petri dishes 

and allowed to continue growth on media supplemented with desired concentrations of 

Geneticin. Selection was continued until single clusters of cells were observed, at which time 

single cells/clusters were isolated using cloning cylinders and further cultured in 35- or 100-

mm petri dishes.  A maintenance dosage of 100 μg/mL Geneticin was used for further 

culturing conditions.  A portion of plates derived from individual transformants were grown 

to ~90% confluency, harvested, solubilized with 1% (w/v) DDM in PBS (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), and tested by dot blot analysis to identify 

highly expressing transformants.  Briefly, stably transfected cells were gently released from 

culture plates by incubating with Puck’s EDTA (140 mM NaCl, 5 mM KCl, 5.5 mM glucose, 

4 mM NaHCO3, 0.8 mM EDTA, 5 mM HEPES, pH 7.4) for 5 min with gentle rocking.  Cells 

were collected by centrifugation at 500 x g at 2 min, resuspended in PBS, and then pelleted 

again.  Cell pellets were resuspended in 1 mL DDM solution and allowed to gently stir for 3 

h at 4 
o
C.  Insoluble material was removed by centrifuging at 10,000 x g for 30 min.  For dot 

blot analysis, 10 μL of the crude solubilized supernatant was directly spotted onto 

nitrocellulose membrane and allowed to dry.  To probe protein complexes, nitrocellulose 

membranes were washed with TBS (150 mM NaCl, 25 mM Tris, pH 7.5), followed by TBS 

+ 0.05% (v/v) Tween-20 (TBST) for 2 min each, and then blocked with 2% (w/v) milk 

protein in TBST for 1 h at room temperature (RT) or overnight at 4 
o
C.  Membranes were 

probed with an anti-HA primary antibody for 1 h at RT, followed by 2 x 2 min washes with 

2% (w/v) milk protein in TBST.  Membranes were then probed with HRP-conjugated goat-

anti mouse IgG secondary antibody for 1 h at RT.  Afterwards, membranes were washed 3 x 
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2 min with 20 mL TBST to remove unbound HRP antibody.  Immunocomplexes were 

imaged using a Pierce ECL 2 chemilluminescent kit as directed by the manufacturer and 

visualized using a BioRad Chem Doc. 

5.2.5.  Immunohistochemistry   

Transiently transfected cells were split onto No. 1.5 glass coverslips, 24-48 h prior to 

imaging.  Cell media was aspirated and cells were washed twice with PBS.  Cells were fixed 

with 4% (w/v) paraformaldehyde solution, prepared in PBS, for 15 min at RT.  Fixed cells 

were washed 3 times with PBS, incubated with 0.25% (v/v) Triton X-100 to permeabilize 

cell membranes, washed three times with PBS, and then blocked with 5% (v/v) FBS at RT.  

Fixed cells were incubated with an anti-HA primary antibody (HA.11, Biolegend) for 1 h, 

washed three times with PBS, and then incubated with an AlexaFluor 568 conjugated 

secondary antibody for 1 h.  Immunostained cells were imaged using a Nikon C1si scanning 

confocal microscope available in the Keck Imaging Center (University of Arizona, 

Department of Chemistry and Biochemistry).  Hoescht 33342, eGFP, and Alexafluor 568 

were excited with 405 nm, 488 nm, and 561 nm lasers (Melles Griot), respectively.  Laser 

intensities and pixel dwell times were manually set daily such that the fluorescent intensities 

of each fluorophore were approximately equal.  Images were analyzed using Nikon Elements 

and ImageJ. 

5.2.6.  Electrophysiology   

Data were recorded at room temperature (21-25 
o
C) using a HEKA EPC10 patch 

clamp amplifier with a sampling rate of 20 kHz and filtering at 3 kHz.  Single channel 

recordings were further filtered between 0.1 – 1 kHz.  Data were recorded using 
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PATCHMASTER (v 2.80) software.  Single channel conductance and mean open times were 

analyzed with Bruxton TACFit (v.4.3.3). 

Solutions of the M2 agonist, CCh, were prepared in extracellular solution (EC, 125 

mM NaCl, 1.2 mM MgCl2, 2.6 mM CaCl2, 5 mM HEPES, pH 7.4) on the day of 

experiments.  ATP solutions were prepared in intracellular solution (IC, 140 mM KCl, 1 mM 

MgCl2, 10 mM EGTA, 5 mM HEPES, pH 7.15) on the day of experiments.  Stock solutions 

of dopamine (DA) were dissolved in 0.1 M HClO4 and stored at -20 
o
C for up to two weeks.  

DA aliquots were removed from the freezer and maintained on ice and in the dark, until use.  

Working solutions of DA were immediately prepared prior to bath perfusion by diluting 

stock solutions in EC solution.  The time from mixing to bath application was typically 30 s.   

For whole cell recordings and outside-out patches, patch pipettes were pulled to 1-3 

MΩ, and then filled with IC solution and cells were bathed in extracellular solution.  Single 

channel recordings were measured at a holding potential of 0 mV.  For inside-out patches, 

patch pipettes were pulled to 4-8 MΩ.  Patch pipettes were filled with 140 mM KCl, 1.2 mM 

MgCl2, 2.6 mM CaCl2, 5 mM HEPES, pH 7.15.  Inside-out patches were initially excised in 

EC bath solution, but were then exchanged to IC solution to enable measurements of channel 

activity with symmetric K
+
 concentrations across the membrane.  The formation of whole-

cell and inside-out patch clamp configurations was described in Chapter 4.  For outside-out 

patches, the patch pipette was slowly retracted (~1 μm/2 s) after establishing the whole-cell 

configuration.  An increase in resistance from ~30 MΩ to >5 GΩ signified a refolding of the 

membrane and successful formation of an outside-out patch. 
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Dose-response curves were obtained by normalizing membrane conductance in the 

presence of ligand (Gi) to conductance in the absence of ligand (Go) and fitting the data to the 

Hill Equation:  

𝐺𝑖

𝐺𝑜
= 𝑝 + 

1−𝑝

1+(
[𝑙𝑖𝑔𝑎𝑛𝑑]

𝐼𝐶50
)

𝑛    (Equation 1) 

where Gi is the membrane conductance in the presence of ligand, Go is the membrane 

conductance in the absence of ligand, p is the fraction of unblocked current in the presence of 

saturating ligand, IC50 is the concentration of lignad causing half maximal inhibition, and n is 

the Hill coefficient. 

 

5.3.  Results and Discussion 

5.3.1.  Immunohistochemistry of Transiently Transfected Cells   

 HEK293 cells were transfected with M2-Kir and D2-Kir genes, fixed, and probed with 

an anti-HA primary antibody and stained with an Alexafluor 568 secondary antibody to 

examine cellular localization.  Figure 5.1 shows representative expression patterns for non-

transfected and transfected cells.  Non-transfected cells exhibited little fluorescence for both 

non-permeabilized and permeabilized conditions when incubated with the antibody pair.  In 

contrast, prominent staining of the cell membrane was observed in non-permeabilized cells 

for both M2- and D2-Kir, indicating successful trafficking of proteins carrying an 

extracellular facing HA-epitope to the cell membrane.  Permeabilized cells also showed 

punctate staining of intracellular regions, similar to observations with eGFP-Kir6.2Δ26 

(Chapter 4).  This distribution may arise from incorrectly trafficked protein, or rapid ICCR 

internalization.
311

  Collectively, immunohistochemistry experiments provide evidence for 

ICCR expression and trafficking to the cell membrane in HEK293 cells.  Antibody staining 
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in non-permeabilized cells suggests ICCR proteins are correctly oriented in the membrane, 

with the HA-epitope in the P-loop of Kir6.2 properly exposed to the extracellular 

compartment.  Strong staining within the intracellular compartment may suggest a portion of 

protein does not traffick to the membrane, or other biological processes are responsible for 

internalizing ICCRs. 
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Figure 5.1.  Representative immunostained images of fixed non-transfected and M2-Kir 

or D2-Kir expressing cells obtained using confocal microscopy.  Stacked images show 

locations of cellular nuclei (blue), eGFP localization (green), and antibody staining with an 

anti-HA/Alexafluor 568 probe pair targeting the human influenza hemagglutinin (HA) tag 

located in the extracellular P-loop of Kir6.2 (red).  Individual fluorescence channels for 

corresponding stacked images are shown below each image for clarity.  The nucleus was 

stained with Hoescht 33342.  Scale bars denote a distance of 5 µm, unless otherwise 

indicated. 
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5.3.2.  Generation of Stably Transfected M2-Kir and D2-Kir cells 

 We next attempted to prepare stably transfected cells for both M2-Kir and D2-Kir.  

Two approaches were taken to produce stable transformants.  In the first approach, cells were 

transfected with circular plasmids following similar protocols used during the establishment 

of stably transfected eGFP-Kir6.2Δ26 in Chapter 4.  Stable transformants were selected on 

varying concentrations of Geneticin (100-2000 µg/mL), single colonies were isolated, and 

then examined for both eGFP and Alexafluor 568 fluorescence via immunohistochemistry.  

Figure 5.2 presents representative microscopy images of cellular clusters which show mixed 

expression levels of eGFP and anti-HA/Alexafluor 568 staining.  Strikingly, a higher 

propensity of cells exhibiting eGFP expression and fewer cells showing ICCR expression 

were observed.  Since circular DNA must first be linearized prior to integration into the 

genome, it is possible that ICCR/pXoom plasmids have a higher likelihood of linearizing 

near or within the ICCR gene, reducing the occurrence of obtaining the desired stable 

transformant.
144

  Based on this possibly, we next linearized pXoom plasmids closer to the 

ICCR gene, upstream of the cytomegalovirus promoter using MfeI (D2-Kir) or MluI (M2-Kir) 

prior to transfection; this technique has previously been shown to improve gene targeting and 

increase the number of stable transformants.
352,353

  Following 14 days of selection, multiple 

single colonies were isolated for D2-Kir (n = 21).  Approximately 5x10
6
 cells were aliquoted, 

solubilized with 1% (w/v) DDM in PBS, and 10 µL supernatant was directly spotted on 

nitrocellulose membrane to verify ICCR expression via a dot blot assay.  As shown in Figure 

5.3, 17 selected D2-Kir transformants had higher chemiluminescent signals than WT cells for 

HA tag-containing proteins, corresponding to an 81% success rate.  Unfortunately, 
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difficulties in achieving stably transfected M2-Kir cells were encountered during antibiotic 

selection and could not be verified.   
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Figure 5.2.  Representative confocal images showing results for the generation of stably 

transfected cells using circular plasmids.  Individual cell clusters showed mixed levels of 

expression for eGFP and D2-Kir. 
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Figure 5.3.  Dot blot assay for selected cell colonies stably transfected with D2-Kir.  
Blotting membrane was probed with an anti-HA mouse IgG1/goat anti-mouse IgG, HRP-

conjugate antibody pair and visualized by chemiluminescence.  Of the 21 selected cell 

clusters, 17 showed low to high expression of HA tag containing proteins. 

  

1 

2 

3 

4 

5 

6 

7 

8 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

1 ng 1
o
 antibody 

WT HEK293 

100 ng 1
o
 antibody 



184 

 

 

Stably transfected cells were also examined for coexpression of eGFP and D2-Kir via 

immunohistochemistry by epi-fluorescence microscopy.  Similar to previous results, the 

correlation between ICCR and eGFP expression was dependent on individual transformants 

(Figure 5.4).  Some transformants, for example Figure 5.4A, exhibited intense signals for 

eGFP and D2-Kir, whereas other transformants showed strong fluorescence for either eGFP 

(Figure 5.4B) or D2-Kir (Figure 5.4C).  In some cases, transformants showed low fluorescent 

signals for both proteins (Figure 5.4D).  Importantly, these results aided in the selection of 

highly expressing transformants for further characterization of ion channel properties using 

electrophysiology.   
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Figure 5.4.  Representative epi-fluorescent images showing the extent of eGFP and 

ICCR coexpression in four different stably transfected HEK293 cells(A-D).  Image 

integration times were consistent within a given fluorescence channel.   
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5.3.3.  Electrophysiological Characterization of D2-Kir  

 To functionally characterize ICCRs expressed in cellular membranes, we studied the 

effects of specific GPCR agonists or antagonists on membrane conductance using whole-cell 

recordings.  Dose-response curves for M2-Kir using the agonist acetylcholine and antagonist 

atropine were previously obtained by Leonard K. Bright.  The focus here was 

characterization of D2-Kir. 

 Figure 5.5 shows representative whole-cell conductance curves for WT and D2-Kir 

stably transfected HEK293 cells.  Similar to studies in Chapter 4 with eGFP-Kir6.2Δ26 

stably expressing cells, D2-Kir expressing cells displayed a ~6-fold increase in membrane 

conductance at a holding potential of -100 mV.  D2-Kir expressing cells, however, exhibited 

more pronounced current rectification at positive applied voltages.  To provide evidence that 

the enhanced membrane conductance resulted from expression and trafficking of functional 

ICCRs to the cell membrane, 1 µM DA was applied to the bath solution and a ~30% decrease 

in membrane conductance was observed.  In comparison, 1 µM DA did not significantly alter 

the membrane conductance in WT cells.  Dopamine dose-response curves for WT and D2-Kir 

stably transfected cells are shown in Figure 5.6A.  D2-Kir expressing cells displayed a 

concentration-dependent response with IC50 = 62 ± 27 nM (Hill coefficient, n = 0.58), 

whereas WT cells remained unaffected until >1 µM DA.  Though DA does affect WT cells, 

D2-Kir approaches saturation within 1 µM DA.  The inhibitory effects of DA on D2-Kir, as 

well as the DA sensitivity, are in agreement with observations obtained in oocytes.
346
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Figure 5.5.  Representative membrane conductance versus voltage plot for WT and 

stably transfected D2-Kir cells.  Application of 1 µM dopamine (DA) to the extracellular 

bath caused ~30% reduction in membrane conductance.   
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Figure 5.6  Whole-cell dose response curves for dopamine receptor agonists and 

antagonists.  (A)  Dopamine (DA) dose response curve.  (B) Eticlopride dose response 

curve.  Normalized conductance points are the averages of n > 3 measurements. 

 

Surprisingly, DA inhibition was only partially reversible even when perfusing the 

bath with long washes (>10 min) of EC solution, contradicting observations in oocytes.
346

  

Figure 5.7 shows representative whole-cell current traces from -80 to +80 mV before and 

after perfusing cells with 1 μM DA.  D2 GPCRs undergo arrestin-mediated desensitization 

and internalization following agonist activation of D2.
354–357

  Guo et al. followed eYFP-

labeled D2 receptor internalization in HEK293 cells with confocal microscopy and found D2 

activation resulted in rapid uptake of receptors, with t1/2 = 5.3 min.
358

  It is plausible that 

similar signaling processes may be responsible for the irreversible decreases in membrane 

conductance following DA application to D2-Kir expressing cells, as the GPCR-component 

of ICCRs is still capable of interacting with heterotrimeric G-proteins.
346

  Additional 

confocal microscopy and electrophysiological experiments are needed to confirm this 

hypothesis. 
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Figure 5.7.  Representative whole-cell currents for D2-Kir expressing cells perfused 

with DA.  (A) Initial whole-cell currents in EC solution prior to DA perfusion, (B) currents 

after perfusion with 1 μM DA, and (C) currents after substantial washing with EC solution. 

  

Selective antagonists for D2 also showed an inhibitory effect on D2-Kir activity.  

Stably transfected D2-Kir cells perfused with eticlopride showed a concentration-dependent 

reduction in membrane conductance, with IC50 = 10.2 ± 3.4 nM, and n = 0.54 (Figure 5.6B).  

Based on experiments in Xenopus oocytes antagonist effects on D2-Kir were observable only 

after first inhibiting D2-Kir with quinpirole, a selective D2 agonist, and then dosing with 

sulpiride, a selective D2-like antagonist.
346

  This may suggest an alternative mechanism of 

D2-Kir inhibition.  A possible explanation for the discrepancy in D2-Kir inhibition may result 

from off-target inhibition of Kir6.2 by eticlopride.  Pharmaceutical drugs used in the 

treatment of diabetes, infections, neurological disorders, and heart conditions, including 

cibenzoline, haloperidol, phentolamine, repaglinide, and temafloxacin, are known to have 

off-target effects on Kir6.2.
318,359–362

  Figure 5.8 shows the structures of these molecules.  A 

common feature is presence of the aromatic groups and nitrogen heterocycles (i.e. 

imidazolines and pyrolidines).  It is possible thateticlopride affects Kir6.2 through similar 
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mechanisms as the other molecules.  Furthermore, similar ligand irreversibility was observed 

with eticlopride (Figure 5.9); similar to that observed for DA.  If eticlopride mediates D2-Kir 

inhibition through binding to D2, receptor densensitization and internalization may also be 

responsible for preventing ligand-induced reductions in membrane conductance.   

 

Figure 5.8.  Chemical structures for cibenzoline, eticlopride, haloperidol, phentolamine, 

repaglinide, temafloxacin. 
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Figure 5.9.  Representative whole-cell currents for D2-Kir expressing cells perfusion 

with eticlopride.  (A) Initial whole-cell currents in EC solution prior to DA perfusion, (B) 

currents after perfusion with 4 nM eticlopride, and (C) currents after substantial washing with 

EC solution. 

 

In addition to D2 agonist/antagonists, we also evaluated the ATP sensitivity of Kir6.2 

in D2-Kir. Excised macropatches in the inside-out configuration with symmetric K
+
 

concentrations across the membrane were perfused with ATP.  Figure 5.10 shows the 

corresponding ATP dose-response curve from which an IC50 = 113 ± 28 µM (Hill coefficient, 

n = 0.67) was calculated, agreeing well with established values for previous ICCRs and 

Kir6.2Δ26-36 constructs.
297,303,346

 

 The collective data demonstrate that functional D2-Kir ICCRs are trafficked to the 

cell membrane.  Complimentary data showing pronounced reductions in membrane 

conductance upon application of DA or eticlopride to the extracellular membrane, or ATP to 

the intracellular membrane, suggest the presence of intact tetramers in cell membranes.  

These observations also suggest a portion of ICCRs are properly oriented in the membrane.  

Additional experiments are required to ascertain whether receptor internalization contributes 

to the irreversible inhibition of D2-Kir when dosed with DA or eticlopride.   
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Figure 5.10.  ATP dose-response curve for D2-Kir obtained from excised macropatches 

in the inside-out configuration.  Normalized conductance data fit to a modified Hill 

equation calculates an IC50 = 113 ± 28 µM, with a Hill coefficient, n = 0.67.  Normalized 

conductance points are the mean of n > 3 patches. 

 

5.3.4.  Single Channel Properties of D2-Kir and M2-Kir 

 We next evaluated the single channel properties of D2-Kir and M2-Kir in excised 

patches.  Figure 5.11A shows representative data obtained from inside-out patches for D2-Kir 

expressing cells at +70 mV holding potential for symmetric 140 mM [K
+
] across the 

membrane.  Single channels currents were 3.5 ± 0.1 pA (n = 3 patches).  D2-Kir channels 

displayed a high open probability (Po = 0.79 ± 0.24, n = 3 patches) and a long-lived open 

burst state with mean open times described by two components, a shorter transition, τ1 = 1.3 

± 0.4 ms, and a longer transition, τ2 = 43.0 ± 4.5 ms (Figure 5.11B).  Channel burst states 

were followed by long periods of inactivity.  Application of 10 mM ATP to the patch 

resulted in complete shutdown of channel currents (Figure 5.12).  This effect suggests D2-Kir 
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is correctly oriented in the membrane, with the cytoplasmic domain of Kir6.2 oriented 

toward the cytoplasm. 

 

 

Figure 5.11.  Representative single channel currents (A) and mean open times (B) for 

inside-out patches excised from D2-Kir expressing cells.  Single channel recordings were 

performed at +70 mV holding potential with symmetric K
+
 solution across the membrane. 

Current traces were digitally filtered at 200 Hz for presentation purposes.  Black lines 

superimposed on the distribution of mean open times are fits to the data.   

 

The single channel properties of M2-Kir were evaluated in the outside-out 

configuration.  This configuration produces patches with the extracellular leaflet of the 

membrane exposed to the bath solution.  Thus, the function of receptors with extracellular 

oriented ligand binding domains may be interrogated via bath perfusion with ligand 

solutions.  Figure 5.13A-C shows representative current traces for 0 mM CCh, 3 μM CCh, 

and 300 μM CCh, respectively, with corresponding open time histograms shown in Figure 

5.13D-F.  Single channel currents were 1.48 ± 0.06 pA (n = 4) when IC solution was inside 

the pipette and EC solution in the bath, at 0 mV holding potential.  Increasing concentrations 
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of CCh did not alter single channel currents.  However, channel open probability, channel 

open times, and bursting kinetics were affected by increasing concentrations of CCh.  

Channel open times were well-described by a two component fit, with τ1 ~ 1 ms and τ2 

ranging from 28 – 285 ms, depending on the [CCh].  Higher concentrations of CCh coincided 

with longer-lived speeding burst states, which were characterized by brief channel opening 

and brief closing transitions, followed by long-lived inactive states.  Thus, this data supports 

that M2 is functionally coupled with Kir6.2 in cell membranes, and agonist stimulation 

induces M2-Kir activation, similar to studies in oocytes.
346

 

 

 

Figure 5.12.  Representative single channel recordings illustrating the effect of ATP on 

inside-out patches excised from D2-Kir expressing HEK293 cells. 

 

The channel bursting behaviors of M2-Kir exhibit similar characteristics as native 

KATP channels.  KATP channels display intrinsically high open probabilities under control 

conditions (0 mM ATP), similar to observations with M2-Kir (300 μM CCh) where channel 

activity was maximized.  M2-Kir exhibited long-lived bursting open states interdispersed 

among long closed intervals of channel inactivity, mirroring activity found in native KATP 
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channels.  Fitting this data to established kinetic models for ATP or sulfonylurea inhibition of 

WT KATP channels may provide insight into gating mechanisms of ICCRs and the degree of 

coupling of GPCR conformational changes to Kir6.2 conduction.  A more advanced 

treatment of the data is needed than is presented here.   
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Figure 5.13. Representative single channel recording traces (A-C) and mean open time 

histograms (D-F) for outside-out patches excised from M2-Kir expressing cells at three 

different concentrations of CCh.  Corresponding mean open time histograms are found to 

the right of current traces.  Single channel recordings were performed at 0 mV holding 

potential with IC inside the pipette and EC in the bath.  Current traces were digitally filtered 

at 200 Hz for presentation purposes.  Black lines superimposed on the distribution of mean 

open times are fits to the data.    
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5.4.  Conclusions 

 We have demonstrated the successful expression of two ICCRs in HEK293 cells.  

ICCRs are chimeric fusion proteins which couple GPCR conformational changes induced 

upon ligand binding to the gating properties of the K
+
-selective channel, Kir6.2.  

Immunohistochemistry experiments established successful expression and trafficking of 

ICCRs to the cell membrane.  However, significant protein retention in the intracellular 

compartment was observed.  Whole-cell recordings revealed enhanced membrane current 

densities (pA/pF) in stably transfected D2-Kir cells, suggesting trafficking of a functional 

ICCR to the cell membrane.  Dopamine dose-response curves for dopamine (D2 agonist) and 

eticlopride (D2 antagonist) both exhibited inhibitory effects on D2-Kir, with IC50 = 62 ± 27 

nM and IC50 = 10.2 ± 3.4 nM, respectively.  Excised macropatches in the inside-out 

configuration established ATP inhibition with IC50 = 113 ± 28 μM.  Both DA and ATP 

sensitivities match data obtained in Xenopus oocytes.   Furthermore, single channel 

recordings obtained in the outside-out or inside-out configuration demonstrated channel 

gating can be modulated by perfusion with GPCR ligands (e.g. DA) or ATP, providing 

evidence for the functional coupling of the GPCR and Kir6.2.  Additional experiments on 

D2-Kir are needed to interrogate the effects of DA on single channel properties.   

Overall, the ability of ICCRs to transduce GPCR ligand binding into readily 

measurable electrical signals will enable development of electrophysiology-based GPCR 

sensors or drug screening systems with library diversities dependent on the preparation of 

suitable GPCR-Kir6.2 fusion proteins.  Additional work may involve isolation of ICCRs and 

reconstitution into artificial lipid environments in order to remove possible complications due 



198 

 

G-protein activation, which may result in receptor desensitization or internalization in cell-

based assays.   
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 CHAPTER 6:  SUMMARY AND FUTURE DIRECTIONS 

6.1  Summary  

 The detection of small molecule ligands that lack optical or electrochemical 

properties presents a major challenge in the development of rapid, sensitive analysis of 

complex samples.  Recently, ligand-gated or ligand-modulated ion channel (IC) sensors have 

been investigated to address this challenge.
78,97,170

  In this sensor paradigm, binding of a 

target analyte to an IC modulates the ion flux properties of the IC in a label-free manner, with 

high sensitivity and often times with single-molecule selectivity.  Despite the growing 

number of available ICs and artificial lipid bilayer platforms for IC reconstitution, significant 

work remains in defining the analytical performance capabilities of IC sensors.     

 In Chapter 2, we present a simple and broadly applicable approach for making 

statistically valid measurements of membrane conductance (i.e. ion channel activity) with 30 

ms resolution.  A key feature of this study was the development of small (~3-5 μm) apertures 

in glass pipettes that supported bilayer formation.  The smaller bilayer areas facilitated rapid 

charging of bilayer capacitance (~1-2 ms) for small voltage steps (10 mV), which enabled 

development of voltage protocols with short voltage step durations (10 ms).  Furthermore, 

total acquisition time for one conductance data point could be shortened by measuring at only 

three voltage steps.  Studies with gramicidin A-functionalized BLMs illustrated the ability of 

this three step voltage protocol to capture fast changes in membrane conductance induced by 

gramicidin A blockage by Ca
2+

.  Additionally, the small BLM diameter provides a sensing 

area compatible with single cell studies. 

Although the small aperture bilayer platform realized low-noise conductance 

measurements (90-120 fA rms, 1 kHz) with 30 ms acquisition rates, single cell exocytosis 
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dynamics require temporal resolution < 10 ms.  To further enhance the temporal resolution of 

conductance-based approaches, a simple strategy was implemented to reduce the total 

capacitance of the bilayer platform which concomitantly decreased overall noise.  The 

reduced platform capacitance (~2 pF total) displays ~620 fA rms noise at 10 kHz bandwidth.  

This value is possibly one of the lowest reported values for BLM platforms to date.  Higher 

instrument bandwidth and electronic capacitance compensation permitted capacitive 

relaxation times of ~100 μs.  Voltage protocols with 0.9 ms temporal resolution were 

developed and shown to report similar conductance values as slower protocols (~2 s).  A 

commercially available high speed solution exchange system was used to illustrate the ability 

of this improved sensor platform to monitor dynamic changes in Ca
2+

 concentration on the 

order of 1 ms, using gramicidin A-functionalized BLMs.  The sub-millisecond temporal 

resolution of this conductance-based approach should facilitate rapid measurement of 

membrane conductance, compatible with the timescale of single exocytosis events.   

 In Chapter 4, we described an expression, purification, and reconstitution protocol for 

a variant of the ATP-sensitive, K
+
-selective channel, Kir6.2 in HEK293 cells.  Kir6.2 is a 

well-studied, ligand-gated ion channel (LGIC) due to its involvement in the glucose 

stimulated insulin secretion pathway in pancreatic β-cells, and thus serves as a model LGIC 

in these studies.  Microscopy experiments illustrated that a significant portion of protein is 

retained in intracellular compartments; however, patch clamp experiments demonstrated the 

presence of functional channels in the cell membrane.  Importantly, Kir6.2 channels retained 

a native sensitivity to ATP (IC50 = 103 μM) despite the presence of a N-terminal eGFP and 

10xHis tag.  Immobilized metal affinity chromatography and size exclusion chromatography 

were used successfully to purify intact tetrameric channels, as evidenced by a four band 
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structure in SDS-PAGE and Western blot analyses.  Furthermore, protein reconstitution via 

surfactant-solubilized protein addition or vesicle fusion of proteoliposomes showed that 

purified Kir6.2 tetramers retained function.  Unexpectedly, Kir6.2 ATP sensitivity in 

artificial lipid bilayers was greatly decreased, showing an IC50 of ~4-5 mM, a >40-fold 

increase from native cell membranes.  Additional studies are required to determine the effects 

of lipid bilayer composition have on the ATP sensitivity of Kir6.2.   

 To expand the detectable chemical space of IC sensors, we characterized the 

expression and function of GPCR-Kir6.2 fusion proteins, called ion channel-coupled 

receptors, in Chapter 5.  In ICCR proteins, Kir6.2 acts as an electrical reporter for 

conformational changes induced during ligand binding to the GPCR domain.  Importantly, 

GPCRs are major pharmaceutical targets and mediate a large number of physiological 

processes.
323,324

  We investigated the expression of two ICCRs, M2-Kir and D2-Kir, in 

HEK293 cells.  Immunohistochemistry experiments established that ICCR proteins are 

trafficked to the cell membrane.  Whole-cell patch clamp assays showed functional D2-Kir 

channels, as evidenced by channel inhibition by the non-selective D2 agonist, dopamine, and 

the selective antagonist, eticlopride.  Excised patches in the inside-out configuration showed 

ICCR inhibition by ATP.  Together, these data suggest (i) functional coupling of D2 and 

Kir6.2 to form ICs sensitive to D2 ligands, and (ii) trafficking of proteins with the D2 ligand 

binding site oriented toward the extracellular compartment and the Kir6.2 ligand binding site 

oriented toward the intracellular compartment (the expected orientation).  Additionally, 

preliminary data on single channel properties for M2-Kir and D2-Kir was presented. 
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6.2.  Future Directions 

6.2.1.  Lipid Modulators of Kir6.2 ATP Sensitivity 

 A key property of artificial lipid bilayers is the ability to control the lipid 

composition.  Lipids are well-known modulators of ion channel activity and ligand 

sensitivity.
32

  Control of the composition can provide a means to precisely modify the ligand 

sensitivity of purified ICs reconstituted into BLMs.  In the case of Kir6.2, the concentration 

of PIP2 in the bilayer is an important determinant for controlling ATP sensitivity.
285

  Thus, 

the preparation of BLMs with a range of PIP2 concentrations may be used to evaluate dose-

response characteristics.  Additional studies by Cheng et al. also illustrate that Kir channel 

sensitivity to PIP2 is modified by the concentration of anionic lipids in the bilayer.
113

  

Therefore, BLMs with a range of PIP2 and anionic lipid concentrations should be 

investigated to understand the effects on ATP sensitivity. From a sensors development 

perspective, modulation of bilayer composition may be a simple method for modifying 

Kir6.2 ATP dose-response characteristics.   

6.2.2.  Effects of Ligand On/Off Rates on Sensor Dynamics 

The response time of an IC sensor is dependent upon three major criteria: (i) mass 

transport to the BLM interface; (ii) binding kinetics and IC conformational changes between 

IC-ligand pairs; and (iii) the rate at which statistically valid measurements can be obtained.  

The voltage protocols and reported response times in Chapters 2 and 3 focused on addressing 

criterion (iii).  Additional experiments are needed to evaluate the effect of criteria (i) and (ii) 

on the observed sensor response time.  The practical limitations in mass transport to the BLM 

depend on the solution linear flow velocity and distance of the unstirred layer.  In fast 

solution exchange systems with linear flow velocities > 1 cm/s, and assuming an unstirred 
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layer of ~1 μm, typical solution exchange values t10-90%< 400 μs.
363

  This value is faster than 

the sub-millisecond voltage protocol developed in Chapter 3 and should not impose an 

impediment on IC measurements.  To address the effects of ligand association/dissociation 

kinetics, the High Speed Solution Exchange (HSSE-2/3) system described in Chapter 3 can 

be used to quickly exchange ATP solutions across eGFP-Kir6.2Δ26-functionalized BLMs.  

Figure 6.1A depicts a hypothetical current versus time plot illustrating the dissociation 

kinetics of ATP from Kir6.2 channels upon perfusion with solutions without ATP.  The 

increases in current result from a greater number of channels in the open state due to the 

dissociation of ATP from Kir6.2.  Figure 6.1B shows a hypothetical plot for ATP association. 

These experiments will need to be paired with lipid composition studies described in Section 

6.2.1 to modulate the ATP IC50 of Kir6.2.  Studies by Zhang et al. indicate that 

conformational changes in the KATP channel structure may be the rate limiting step in channel 

opening and not ATP dissociation.
364
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Figure 6.1.  Hypothetical current versus time plot showing the (A) dissociation and (B) 

association kinetics of ATP binding to Kir6.2 channels for three cases.  The colored bars 

indicate the perfusion time course for solutions with ATP (red) and without ATP (blue).  

Current is monitored at a fixed holding potential across the membrane. 
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6.2.3.  Single-Cell Exocytosis Studies of ATP From Pancreatic β-cells 

 Future work will also be needed to establish the feasibility of IC sensors to detect 

biologically relevant processes.  A suitable model system based on the detection of ATP 

using eGFP-Kir6.2Δ26-functionalized BLMs would be ATP co-release during glucose 

stimulated insulin secretion (GSIS) in rat pancreatic β-cells (INS-1). In addition to serving as 

an intracellular regulator of KATP channel activity, ATP also functions as an extracellular 

regulator of insulin release.
365

  Vesicular nucleotide uptake transporters are responsible for 

ATP accumulation in insulin granules.
366

  Upon exocytosis, ATP modulates the activity of 

high-affinity purinergic receptors expressed in pancreatic β-cell membranes to regulate the 

insulin secretion process.
367

  The signaling pathways involved in extracellular ATP 

regulation of insulin secretion remain to be clarified.
367

    

Insulin granules contain mM concentrations of ATP,
368,369

 which decreases to μM 

concentrations at the cell surface following exocytosis.
370

  Therefore, knowledge of BLM 

lipid compositions which poise Kir6.2 ATP sensitivity within the biologically relevant range 

are required prior to these experiments, as outlined in Section 6.2.1.  To stimulate insulin 

secretion, high concentrations of glucose (15 mM) or 100 μM tolbutamide, a KATP channel 

blocker, can be perfused into the bath solution.
371

  Suspended BLMs functionalized with 

eGFP-Kir6.2Δ26 can be positioned <1 μm from the cell to detect ATP as it is released.  To 

illustrate specific detection of ATP, the bath can perfused with apyrase, a plasma membrane-

bound protein that catalyses the hydrolysis of ATP into AMP, as previously done by Hamza 

et al.
370

  Figure 6.2A depicts a cartoon showing the positioning of the pipette near the cell to 

detect ATP release following stimulation of pancreatic β-cells.  Figure 6.2B shows a 

hypothetical plot for normalized membrane conductance versus time.  Single exocytosis 
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events are depicted as large decreases in membrane conductance due to ATP-induced 

channel closure of Kir6.2.  Application of apyrase degrades extracellular ATP resulting in 

smaller decreases in BLM conductance per single exocytosis event.   

 

Figure 6.2.  Depiction of a single cell exocytosis experiment for the detection of ATP 

release from pancreatic β-cells and hypothetical data.  (A) Pancreatic β-cells can be 

stimulated with high glucose (15 mM) or the KATP channel blocker, tolbutamide, to induce 

insulin secretion.  A Kir6.2-functionalized BLM positioned <1 μm from the cell can detect 

ATP as it diffuses to the BLM.  (B) A hypothetical normalized membrane conductance trace 

versus time plot showing inhibition of channel activity due to ATP binding.  As the ATP 

concentration decreases, channel activity returns to baseline values.  The addition of apyrase, 

a peripheral membrane protein which catalyzes the decomposition of ATP to AMP, to the 

bath solution will demonstrate the signal is specifically due to ATP. 
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6.2.4.  Large Scale Heterologous Expression of Kir6.2 and ICCRs in Suspended 

HEK293 Cells 

 The expression and purification protocols developed in Chapter 4 yielded sub-μg to 

μg quantities of eGFP-Kir6.2Δ26.  Larger quantities of purified protein (100 μg – mg/L) 

would facilitate development of ion uptake assays, enabling multiplexed experiments to 

identify bilayer compositions which retain Kir6.2 activity, and also quantify ATP 

sensitivities.
110,113

  Additionally, larger quantities of protein will permit native-mass 

spectrometry experiments to confirm channel stoichiometry.
65

  Similar protocols can be 

extended to M2-Kir and D2-Kir.  

 Results from Chapters 4 and 5 indicate that HEK293 cells are a suitable expression 

system for the production of functional Kir6.2 and ICCR complexes.  However, the limited 

number of cells produced by adherent cell lines (i.e. HEK293) ultimately limits the total 

quantity of protein produced.  A potentially efficient alternative would employ mammalian 

cell lines adapted for suspended culture (e.g. HEK293S GnTl-), which readily achieve cell 

densities of ~1-1.5x10
6
 cells/mL in 1-10 L volumes.

134,136,372
  These cells transition from 

adherent monolayer growth to suspended cell culture upon culturing in Ca
2+

-free media.   

Initial work will be needed to prepare plasmids with a selective antibiotic marker (e.g. 

Geneticin or Zeocin), a strong, inducible promoter (e.g. tetracycline-inducible promoter), and 

the gene of interest.  Inducible promoters are more favorable than constitutive promoters (e.g. 

CMV promoter) as membrane protein expression can be induced once the cell culture 

reaches a sufficiently high density, preventing cytotoxic buildup of proteins or repression of 

cell growth.  HEK293S cells in an adherent monolayer format will be transfected with the 

desired construct and then selected for antibiotic resistance to identify stably transfected 
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transformants (similar to procedures in Chapters 4 and 5).  Membrane protein expression will 

be induced in selected transformants and subjected to Western blot analysis to identify high-

expressing transformants.   Select transformants will be further cultured in medium (1-3 L) or 

large (10 L) formats to produce the desired protein.  In addition to optimization conditions 

outlined by Chaudhary et al.,
136

 we have also found that culturing temperature influences the 

expression levels of eGFP-Kir6.2Δ26 and D2-Kir, similar to other reports.
373

  Figure 6.3 

shows the distribution of cell fluorescent intensities for eGFP-Kir6.2Δ26 expressing cells, 

and immunostained D2-Kir expressing cells.  Higher cell fluorescence intensities were 

observed for lower culture temperatures.  Presumably, the intensities correlate with protein 

quantity; however, Western blots are needed to verify the results.  Thus, lower culture 

temperatures and media additives may be used in combination to enhance protein expression 

levels. 

In addition to culturing conditions, an isolation and purification scheme for ICCRs 

must also be developed.  Purification protocols should follow procedures described in 

Chapter 4 to identify suitable surfactants which efficiently extract ICCRs from the cell 

membrane and preserve the native structure.  A purification protocol using combinations of 

affinity chromatography, size exclusion chromatography, and others (e.g. ion-exchange 

chromatography) to produce high purity proteins must also be developed.  Furthermore, 

BLM reconstitution conditions which enable preferential orientation of the GPCR ligand 

binding domain toward the bath solution need to be explored.  Another major challenge is 

identifying an artificial lipid bilayer composition which allows low background conductance 

recordings and maintains the functionality of ICCRs.  High-throughput screening of lipid 

compositions may be best undertaken with ion uptake assays, as mentioned above. 
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Figure 6.3.  Effects of culture temperature on the relative expression levels of eGFP-

Kir6.2Δ26 and D2-Kir in HEK293 cells.  Single cell fluorescence intensities were examined 

by confocal microscopy to quantify the effects of incubation temperature on membrane 

protein expression levels.  Both eGFP-Kir6.2Δ26 (A) and D2-Kir (B) showed enhanced 

fluorescence at lower incubation temperatures. 
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6.2.5.  Reconsitution of eGFP-Kir6.2Δ26 into Stable BLM Platforms 

 A major challenge encountered in the preparation of IC-functionalized BLMs was a 

substantial decrease in membrane stability following protein reconstitution.  Protein-

functionalized BLMs would frequently rupture within 15 minutes of reconstitution.  This 

property makes it difficult to obtain ligand dose response curves, and will be a major 

impediment for long-term single cell exocytosis studies.  To overcome issues with bilayer 

stability, BLMs can be prepared with polymerizable lipids or crosslinkable methacrylate 

monomers, as previously described.
196,374

  The use of bis-dienoyl-phosphatidylcholine (bis-

DenPC) lipids or crosslinkable methacrylate monomers which partition into the bilayer 

lamella has facilitated preparation of low conductance bilayers with exceptional longevity 

and electrical stability.  Polymerizable lipids or methacrylates can be added to BLMs 

prepared from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPG), phosphatidylinositol bisphosphate (PIP2) lipid, 

as described in Chapter 4, to fortify the bilayer.  Following stabilization, eGFP-Kir6.2Δ26 

can be reconstituted into stabilized BLMs to evaluate channel function and ATP sensitivity.  

Previous studies with gramicidin A indicated that increased crosslinking of methacrylate 

monomers inhibited the formation of conductive dimers through an unknown mechanism.
374

  

Peptide ion channels reconstituted into poly(bis-DenPC) did not retain activity; however, 

mixed bilayers composed of bis-DenPC and the non-polymerizable lipid, 1,2-diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC), enabled the preparation of BLMs which exhibited 

enhanced stability and retained IC function.
207

  Thus, bis-DenPC or methacrylate dopant 

ratios which offer the greatest achievable stabilization, while minimizing the impact on 

eGFP-Kir6.2Δ26 function, will need to be investigated. 
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6.2.6.  High-Throughput Screening of GPCR Ligands Using ICCRs 

 The ICCR concept is a novel approach for the identification and characterization of 

GPCR-ligand binding pairs.  Successful development of purification and reconstitution 

protocols will allow evaluation of drug hits without complications from biological processes, 

e.g. receptor internalization.  The purified receptors can be reconstituted into BLMs formed 

in lipid bilayer arrays which allow multiplexed drug screening of multiple GPCR ligands or 

single ligand effects on multiple ICCRs.  Importantly, multiplexed bilayer arrays should have 

independently addressable bilayers such that simultaneous electrophysiological recordings 

can be performed. These bilayer arrays may utilize stabilizing agents, such as polymerizable 

lipids or crosslinkable methacrylate monomers, to stabilize the bilayer and extend the 

longevity of the array.  Furthermore, construction and validation of other ICCR constructs 

harboring an assortment of GPCRs would greatly benefit drug discovery. 
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APPENDIX A:  RECOMBINANT DNA CONSTRUCTS 

Name:  10xHis-EK-eGFP-Kir6.2Δ26 

Vector:  pcDNA3.4/HisMaxTOPO 

Antibiotic Resistance:  Ampicillin 

Expression System:  Mammalian cells 

Length of Insert (bp):  1,956 

Approximate Protein Size:  ~75 kDa 

 

Insert DNA Sequence 

        1  ATGGGGGGTT CTCATCATCA TCACCATCAT CACCATCATC ATGGTATGGC TAGCATGACT 

  61  GGTGGACAGC AAATGGGTCG GGATCTGTAC GACGATGACG ATAAGGTACA GGCCCTTGGA 

 121  TCCATGGTGA GCAAGGGCGA GGAGCTGTTC ACCGGGGTGG TGGTGCCCAT CCTGGTCGAG 

 181  CTGGACGGCG ACGTAAACGG CCACAAGTTC AGCGTGTCCG GCGAGGGCGA GGGCGATGCC 

 241  ACCTACGGCA AGCTGACCCT GAAGTTCATC TGCACCACCG GCAAGCTGCC CGTGCCCTGG 

 301  CCCACCCTCG TGACCACCCT GACCTACGGC GTGCAGTGCT TCAGCCGCTA CCCCGACCAC 

 361  ATGAAGCAGC ACGACTTCTT CAAGTCCGCC ATGCCCGAAG GCTACGTCCA GGAGCGCACC 

 421  ATCTTCTTCA AGGACGACGG CAACTACAAG ACCCGCGCCG AGGTGAAGTT CGAGGGCGAC 

 481  ACCCTGGTGA ACCGCATCGA GCTGAAGGGC ATCGACTTCA AGGAGGACGG CAACATCCTG 

 541  GGGCACAAGC TGGAGTACAA CTACAACAGC CACAACGTCT ATATCATGGC CGACAAGCAG 

 601  AAGAACGGCA TCAAGGTGAA CTTCAAGATC CGCCACAACA TCGAGGACGG CAGCGTGCAG 

 661  CTCGCCGACC ACTACCAGCA GAACACCCCC ATCGGCGACG GCCCCGTGCT GCTGCCCGAC 

 721  AACCACTACC TGAGCACCCA GTCCGCCCTG AGCAAAGACC CCAACGAGAA GCGCGATCAC 

 781  ATGGTCCTGC TGGAGTTCGT GACCGCCGCC GGGATCACTC TCGGCATGGA CGAGCTGTAC 

 841  AAGGGATCCG AATTCGAGCT CCGTCGACAA ATGCTGTCCC GCAAGGGCAT CATCCCCGAG 

 901  GAATACGTGC TGACACGCCT GGCAGAGGAC CCTGCCGAGC CCAGGTACCG TGCCCGCCAG 

 961  CGGAGGGCCC GCTTTGTGTC CAAGAAAGGC AACTGCAACG TGGCCCACAA GAACATCCGG 

1021  GAGCAGGGCC GCTTCCTGCA GGACGTGTTC ACCACGCTGG TGGACCTCAA GTGGCCACAC 

1081  ACATTGCTCA TCTTCACCAT GTCCTTCCTG TGCAGCTGGC TGCTCTTCGC TATGGCCTGG 

1141  TGGCTCATCG CCTTCGCCCA CGGTGACCTG GCCCCCAGCG AGGGCACTGC TGAGCCCTGT 

1201  GTCACCAGCA TCCACTCCTT CTCGTCTGCC TTCCTTTTCT CCATTGAGGT CCAAGTGACT 

1261  ATTGGCTTTG GGGGGCGCAT GGTGACTGAG GAGTGCCCAC TGGCCATCCT GATCCTCATC 

1321  GTGCAGAACA TCGTGGGGCT CATGATCAAC GCCATCATGC TTGGCTGCAT CTTCATGAAG 

1381  ACTGCCCAAG CCCACCGCAG GGCTGAGACC CTCATCTTCA GCAAGCATGC GGTGATCGCC 

1441  CTGCGCCACG GCCGCCTCTG CTTCATGCTA CGTGTGGGTG ACCTCCGCAA GAGCATGATC 

1501  ATCAGCGCCA CCATCCACAT GCAGGTGGTA CGCAAGACCA CCAGCCCCGA GGGCGAGGTG 

1561  GTGCCCCTCC ACCAGGTGGA CATCCCCATG GAGAACGGCG TGGGTGGCAA CAGCATCTTC 

1621  CTGGTGGCCC CGCTGATCAT CTACCATGTC ATTGATGCCA ACAGCCCACT CTACGACCTG 

1681  GCACCCAGTG ACCTGCACCA CCACCAGGAC CTCGAGATCA TCGTCATCCT GGAAGGCGTG 

1741  GTGGAAACCA CGGGCATCAC CACCCAGGCC CGCACCTCCT ACCTGGCCGA TGAGATCCTG 

1801  TGGGGCCAGC GCTTTGTGCC CATTGTAGCT GAGGAGGAAG GACGTTACTC TGTGGACTAC 

1861  TCCAAGTTTG GCAACACCGT CAAAGTGCCC ACACCGCTCT GCACGGCCCG CCAGCTTGAT 

1921  GAGGACCACA GCCTACTGGA AGCTCTGACC CTCGCCTCAG CCTGA 
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Insert Peptide Sequence 

1  MGGSHHHHHHHHHHGMASMTGGQQMGRDLYDDDDKVQALGSMVSKGEELF  

51 TGVVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPW      

101 PTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYK  

151 TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQ  

201 KNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSAL  

251 SKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSEFELRRQMLSRKGIIPE  

301 EYVLTRLAEDPAEPRYRARQRRARFVSKKGNCNVAHKNIREQGRFLQDVF  

351 TTLVDLKWPHTLLIFTMSFLCSWLLFAMAWWLIAFAHGDLAPSEGTAEPC  

401 VTSIHSFSSAFLFSIEVQVTIGFGGRMVTEECPLAILILIVQNIVGLMIN  

451 AIMLGCIFMKTAQAHRRAETLIFSKHAVIALRHGRLCFMLRVGDLRKSMI  

501 ISATIHMQVVRKTTSPEGEVVPLHQVDIPMENGVGGNSIFLVAPLIIYHV  

551 IDANSPLYDLAPSDLHHHQDLEIIVILEGVVETTGITTQARTSYLADEIL  

601 WGQRFVPIVAEEEGRYSVDYSKFGNTVKVPTPLCTARQLDEDHSLLEALT  

651 LASA* 

 

Complete Vector Sequence 

   1  GACGGATCGG GAGATCTCCC GATCCCCTAT GGTGCACTCT CAGTACAATC TGCTCTGATG 

  61  CCGCATAGTT AAGCCAGTAT CTGCTCCCTG CTTGTGTGTT GGAGGTCGCT GAGTAGTGCG 

 121  CGAGCAAAAT TTAAGCTACA ACAAGGCAAG GCTTGACCGA CAATTGCATG AAGAATCTGC 

 181  TTAGGGTTAG GCGTTTTGCG CTGCTTCGCG ATGTACGGGC CAGATATACG CGTTGACATT 

 241  GATTATTGAC TAGTTATTAA TAGTAATCAA TTACGGGGTC ATTAGTTCAT AGCCCATATA 

 301  TGGAGTTCCG CGTTACATAA CTTACGGTAA ATGGCCCGCC TGGCTGACCG CCCAACGACC 

 361  CCCGCCCATT GACGTCAATA ATGACGTATG TTCCCATAGT AACGCCAATA GGGACTTTCC 

 421  ATTGACGTCA ATGGGTGGAG TATTTACGGT AAACTGCCCA CTTGGCAGTA CATCAAGTGT 

 481  ATCATATGCC AAGTACGCCC CCTATTGACG TCAATGACGG TAAATGGCCC GCCTGGCATT 

 541  ATGCCCAGTA CATGACCTTA TGGGACTTTC CTACTTGGCA GTACATCTAC GTATTAGTCA 

 601  TCGCTATTAC CATGGTGATG CGGTTTTGGC AGTACATCAA TGGGCGTGGA TAGCGGTTTG 

 661  ACTCACGGGG ATTTCCAAGT CTCCACCCCA TTGACGTCAA TGGGAGTTTG TTTTGGCACC 

 721  AAAATCAACG GGACTTTCCA AAATGTCGTA ACAACTCCGC CCCATTGACG CAAATGGGCG 

 781  GTAGGCGTGT ACGGTGGGAG GTCTATATAA GCAGAGCTCT CTGGCTAACT AGAGAACCCA 

 841  CTGCTTACTG GCTTATCGAA ATTAATACGA CTCACTATAG GGAGACCCAA GCTGGCTAGC 

 901  GTTTAAACTT AAGCTTAGCG CAGAGGCTTG GGGCAGCCGA GCGGCAGCCA GGCCCCGGCC 

 961  CGGGCCTCGG TTCCAGAAGG GAGAGGAGCC CGCCAAGGCG CGCAAGAGAG CGGGCTGCCT 

1021  CGCAGTCCGA GCCGGAGAGG GAGCGCGAGC CGCGCCGGCC CCGGACGGCC TCCGAAACCA 

1081  TGGGGGGTTC TCATCATCAT CACCATCATC ACCATCATCA TGGTATGGCT AGCATGACTG 

1141  GTGGACAGCA AATGGGTCGG GATCTGTACG ACGATGACGA TAAGGTACAG GCCCTTGGAT 

1201  CCATGGTGAG CAAGGGCGAG GAGCTGTTCA CCGGGGTGGT GGTGCCCATC CTGGTCGAGC 

1261  TGGACGGCGA CGTAAACGGC CACAAGTTCA GCGTGTCCGG CGAGGGCGAG GGCGATGCCA 

1321  CCTACGGCAA GCTGACCCTG AAGTTCATCT GCACCACCGG CAAGCTGCCC GTGCCCTGGC 

1381  CCACCCTCGT GACCACCCTG ACCTACGGCG TGCAGTGCTT CAGCCGCTAC CCCGACCACA 

1441  TGAAGCAGCA CGACTTCTTC AAGTCCGCCA TGCCCGAAGG CTACGTCCAG GAGCGCACCA 

1501  TCTTCTTCAA GGACGACGGC AACTACAAGA CCCGCGCCGA GGTGAAGTTC GAGGGCGACA 

1561  CCCTGGTGAA CCGCATCGAG CTGAAGGGCA TCGACTTCAA GGAGGACGGC AACATCCTGG 

1621  GGCACAAGCT GGAGTACAAC TACAACAGCC ACAACGTCTA TATCATGGCC GACAAGCAGA 

1681  AGAACGGCAT CAAGGTGAAC TTCAAGATCC GCCACAACAT CGAGGACGGC AGCGTGCAGC 

1741  TCGCCGACCA CTACCAGCAG AACACCCCCA TCGGCGACGG CCCCGTGCTG CTGCCCGACA 

1801  ACCACTACCT GAGCACCCAG TCCGCCCTGA GCAAAGACCC CAACGAGAAG CGCGATCACA 

1861  TGGTCCTGCT GGAGTTCGTG ACCGCCGCCG GGATCACTCT CGGCATGGAC GAGCTGTACA 

1921  AGGGATCCGA ATTCGAGCTC CGTCGACAAA TGCTGTCCCG CAAGGGCATC ATCCCCGAGG 
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1981  AATACGTGCT GACACGCCTG GCAGAGGACC CTGCCGAGCC CAGGTACCGT GCCCGCCAGC 

2041  GGAGGGCCCG CTTTGTGTCC AAGAAAGGCA ACTGCAACGT GGCCCACAAG AACATCCGGG 

2101  AGCAGGGCCG CTTCCTGCAG GACGTGTTCA CCACGCTGGT GGACCTCAAG TGGCCACACA 

2161  CATTGCTCAT CTTCACCATG TCCTTCCTGT GCAGCTGGCT GCTCTTCGCT ATGGCCTGGT 

2221  GGCTCATCGC CTTCGCCCAC GGTGACCTGG CCCCCAGCGA GGGCACTGCT GAGCCCTGTG 

2281  TCACCAGCAT CCACTCCTTC TCGTCTGCCT TCCTTTTCTC CATTGAGGTC CAAGTGACTA 

2341  TTGGCTTTGG GGGGCGCATG GTGACTGAGG AGTGCCCACT GGCCATCCTG ATCCTCATCG 

2401  TGCAGAACAT CGTGGGGCTC ATGATCAACG CCATCATGCT TGGCTGCATC TTCATGAAGA 

2461  CTGCCCAAGC CCACCGCAGG GCTGAGACCC TCATCTTCAG CAAGCATGCG GTGATCGCCC 

2521  TGCGCCACGG CCGCCTCTGC TTCATGCTAC GTGTGGGTGA CCTCCGCAAG AGCATGATCA 

2581  TCAGCGCCAC CATCCACATG CAGGTGGTAC GCAAGACCAC CAGCCCCGAG GGCGAGGTGG 

2641  TGCCCCTCCA CCAGGTGGAC ATCCCCATGG AGAACGGCGT GGGTGGCAAC AGCATCTTCC 

2701  TGGTGGCCCC GCTGATCATC TACCATGTCA TTGATGCCAA CAGCCCACTC TACGACCTGG 

2761  CACCCAGTGA CCTGCACCAC CACCAGGACC TCGAGATCAT CGTCATCCTG GAAGGCGTGG 

2821  TGGAAACCAC GGGCATCACC ACCCAGGCCC GCACCTCCTA CCTGGCCGAT GAGATCCTGT 

2881  GGGGCCAGCG CTTTGTGCCC ATTGTAGCTG AGGAGGAAGG ACGTTACTCT GTGGACTACT 

2941  CCAAGTTTGG CAACACCGTC AAAGTGCCCA CACCGCTCTG CACGGCCCGC CAGCTTGATG 

3001  AGGACCACAG CCTACTGGAA GCTCTGACCC TCGCCTCAGC CTGAAAGGGC CTGTACCTAG 

3061  GATCCAGTGT GGTGGAATTC TGCAGATATC CAGCACAGTG GCGGCCGCTC GAGTCTAGAG 

3121  GGCCCGTTTA AACCCGCTGA TCAGCCTCGA CTGTGCCTTC TAGTTGCCAG CCATCTGTTG 

3181  TTTGCCCCTC CCCCGTGCCT TCCTTGACCC TGGAAGGTGC CACTCCCACT GTCCTTTCCT 

3241  AATAAAATGA GGAAATTGCA TCGCATTGTC TGAGTAGGTG TCATTCTATT CTGGGGGGTG 

3301  GGGTGGGGCA GGACAGCAAG GGGGAGGATT GGGAAGACAA TAGCAGGCAT GCTGGGGATG 

3361  CGGTGGGCTC TATGGCTTCT GAGGCGGAAA GAACCAGCTG GGGCTCTAGG GGGTATCCCC 

3421  ACGCGCCCTG TAGCGGCGCA TTAAGCGCGG CGGGTGTGGT GGTTACGCGC AGCGTGACCG 

3481  CTACACTTGC CAGCGCCCTA GCGCCCGCTC CTTTCGCTTT CTTCCCTTCC TTTCTCGCCA 

3541  CGTTCGCCGG CTTTCCCCGT CAAGCTCTAA ATCGGGGGCT CCCTTTAGGG TTCCGATTTA 

3601  GTGCTTTACG GCACCTCGAC CCCAAAAAAC TTGATTAGGG TGATGGTTCA CGTAGTGGGC 

3661  CATCGCCCTG ATAGACGGTT TTTCGCCCTT TGACGTTGGA GTCCACGTTC TTTAATAGTG 

3721  GACTCTTGTT CCAAACTGGA ACAACACTCA ACCCTATCTC GGTCTATTCT TTTGATTTAT 

3781  AAGGGATTTT GCCGATTTCG GCCTATTGGT TAAAAAATGA GCTGATTTAA CAAAAATTTA 

3841  ACGCGAATTA ATTCTGTGGA ATGTGTGTCA GTTAGGGTGT GGAAAGTCCC CAGGCTCCCC 

3901  AGCAGGCAGA AGTATGCAAA GCATGCATCT CAATTAGTCA GCAACCAGGT GTGGAAAGTC 

3961  CCCAGGCTCC CCAGCAGGCA GAAGTATGCA AAGCATGCAT CTCAATTAGT CAGCAACCAT 

4021  AGTCCCGCCC CTAACTCCGC CCATCCCGCC CCTAACTCCG CCCAGTTCCG CCCATTCTCC 

4081  GCCCCATGGC TGACTAATTT TTTTTATTTA TGCAGAGGCC GAGGCCGCCT CTGCCTCTGA 

4141  GCTATTCCAG AAGTAGTGAG GAGGCTTTTT TGGAGGCCTA GGCTTTTGCA AAAAGCTCCC 

4201  GGGAGCTTGT ATATCCATTT TCGGATCTGA TCAGCACGTG TTGACAATTA ATCATCGGCA 

4261  TAGTATATCG GCATAGTATA ATACGACAAG GTGAGGAACT AAACCATGGC CAAGTTGACC 

4321  AGTGCCGTTC CGGTGCTCAC CGCGCGCGAC GTCGCCGGAG CGGTCGAGTT CTGGACCGAC 

4381  CGGCTCGGGT TCTCCCGGGA CTTCGTGGAG GACGACTTCG CCGGTGTGGT CCGGGACGAC 

4441  GTGACCCTGT TCATCAGCGC GGTCCAGGAC CAGGTGGTGC CGGACAACAC CCTGGCCTGG 

4501  GTGTGGGTGC GCGGCCTGGA CGAGCTGTAC GCCGAGTGGT CGGAGGTCGT GTCCACGAAC 

4561  TTCCGGGACG CCTCCGGGCC GGCCATGACC GAGATCGGCG AGCAGCCGTG GGGGCGGGAG 

4621  TTCGCCCTGC GCGACCCGGC CGGCAACTGC GTGCACTTCG TGGCCGAGGA GCAGGACTGA 

4681  CACGTGCTAC GAGATTTCGA TTCCACCGCC GCCTTCTATG AAAGGTTGGG CTTCGGAATC 

4741  GTTTTCCGGG ACGCCGGCTG GATGATCCTC CAGCGCGGGG ATCTCATGCT GGAGTTCTTC 

4801  GCCCACCCCA ACTTGTTTAT TGCAGCTTAT AATGGTTACA AATAAAGCAA TAGCATCACA 

4861  AATTTCACAA ATAAAGCATT TTTTTCACTG CATTCTAGTT GTGGTTTGTC CAAACTCATC 

4921  AATGTATCTT ATCATGTCTG TATACCGTCG ACCTCTAGCT AGAGCTTGGC GTAATCATGG 

4981  TCATAGCTGT TTCCTGTGTG AAATTGTTAT CCGCTCACAA TTCCACACAA CATACGAGCC 

5041  GGAAGCATAA AGTGTAAAGC CTGGGGTGCC TAATGAGTGA GCTAACTCAC ATTAATTGCG 

5101  TTGCGCTCAC TGCCCGCTTT CCAGTCGGGA AACCTGTCGT GCCAGCTGCA TTAATGAATC 

5161  GGCCAACGCG CGGGGAGAGG CGGTTTGCGT ATTGGGCGCT CTTCCGCTTC CTCGCTCACT 

5221  GACTCGCTGC GCTCGGTCGT TCGGCTGCGG CGAGCGGTAT CAGCTCACTC AAAGGCGGTA 

5281  ATACGGTTAT CCACAGAATC AGGGGATAAC GCAGGAAAGA ACATGTGAGC AAAAGGCCAG 

5341  CAAAAGGCCA GGAACCGTAA AAAGGCCGCG TTGCTGGCGT TTTTCCATAG GCTCCGCCCC 
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5401  CCTGACGAGC ATCACAAAAA TCGACGCTCA AGTCAGAGGT GGCGAAACCC GACAGGACTA 

5461  TAAAGATACC AGGCGTTTCC CCCTGGAAGC TCCCTCGTGC GCTCTCCTGT TCCGACCCTG 

5521  CCGCTTACCG GATACCTGTC CGCCTTTCTC CCTTCGGGAA GCGTGGCGCT TTCTCATAGC 

5581  TCACGCTGTA GGTATCTCAG TTCGGTGTAG GTCGTTCGCT CCAAGCTGGG CTGTGTGCAC 

5641  GAACCCCCCG TTCAGCCCGA CCGCTGCGCC TTATCCGGTA ACTATCGTCT TGAGTCCAAC 

5701  CCGGTAAGAC ACGACTTATC GCCACTGGCA GCAGCCACTG GTAACAGGAT TAGCAGAGCG 

5761  AGGTATGTAG GCGGTGCTAC AGAGTTCTTG AAGTGGTGGC CTAACTACGG CTACACTAGA 

5821  AGAACAGTAT TTGGTATCTG CGCTCTGCTG AAGCCAGTTA CCTTCGGAAA AAGAGTTGGT 

5881  AGCTCTTGAT CCGGCAAACA AACCACCGCT GGTAGCGGTT TTTTTGTTTG CAAGCAGCAG 

5941  ATTACGCGCA GAAAAAAAGG ATCTCAAGAA GATCCTTTGA TCTTTTCTAC GGGGTCTGAC 

6001  GCTCAGTGGA ACGAAAACTC ACGTTAAGGG ATTTTGGTCA TGAGATTATC AAAAAGGATC 

6061  TTCACCTAGA TCCTTTTAAA TTAAAAATGA AGTTTTAAAT CAATCTAAAG TATATATGAG 

6121  TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG CACCTATCTC AGCGATCTGT 

6181  CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCGTGT AGATAACTAC GATACGGGAG 

6241  GGCTTACCAT CTGGCCCCAG TGCTGCAATG ATACCGCGAG ACCCACGCTC ACCGGCTCCA 

6301  GATTTATCAG CAATAAACCA GCCAGCCGGA AGGGCCGAGC GCAGAAGTGG TCCTGCAACT 

6361  TTATCCGCCT CCATCCAGTC TATTAATTGT TGCCGGGAAG CTAGAGTAAG TAGTTCGCCA 

6421  GTTAATAGTT TGCGCAACGT TGTTGCCATT GCTACAGGCA TCGTGGTGTC ACGCTCGTCG 

6481  TTTGGTATGG CTTCATTCAG CTCCGGTTCC CAACGATCAA GGCGAGTTAC ATGATCCCCC 

6541  ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC GGTCCTCCGA TCGTTGTCAG AAGTAAGTTG 

6601  GCCGCAGTGT TATCACTCAT GGTTATGGCA GCACTGCATA ATTCTCTTAC TGTCATGCCA 

6661  TCCGTAAGAT GCTTTTCTGT GACTGGTGAG TACTCAACCA AGTCATTCTG AGAATAGTGT 

6721  ATGCGGCGAC CGAGTTGCTC TTGCCCGGCG TCAATACGGG ATAATACCGC GCCACATAGC 

6781  AGAACTTTAA AAGTGCTCAT CATTGGAAAA CGTTCTTCGG GGCGAAAACT CTCAAGGATC 

6841  TTACCGCTGT TGAGATCCAG TTCGATGTAA CCCACTCGTG CACCCAACTG ATCTTCAGCA 

6901  TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG GAAGGCAAAA TGCCGCAAAA 

6961  AAGGGAATAA GGGCGACACG GAAATGTTGA ATACTCATAC TCTTCCTTTT TCAATATTAT 

7021  TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA TATTTGAATG TATTTAGAAA 

7081  AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG TGCCACCTGA CGTC 
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Name:  M2-Kir6.2 

Vector:  pXoom 

Antibiotic Resistance:  Kanamycin (Bacterial), Geneticin (Mammalian) 

Expression System: Oocyte &  Mammalian cells 

Length of Insert (bp):  2451 

Approximate Protein Size:  94.77 kDa 

 

Construct was kindly provided as a gift by Dr. Christophe Moreau and Dr. Michel 

Vivaudou 

 

Insert DNA Sequence: 7457 

 
   1  atgaataact caacaaactc ctctaacaat agcctggctc ttacaagtcc ttataagaca 

  61  tttgaagtgg tgtttattgt cctggtggct ggatccctca gtttggtgac cattatcggg 

 121  aacatcctag tcatggtttc cattaaagtc aaccgccacc tccagaccgt caacaattac 

 181  tttttattca gcttggcctg tgctgacctt atcataggtg ttttctccat gaacttgtac 

 241  accctctaca ctgtgattgg ttactggcct ttgggacctg tggtgtgtga cctttggcta 

 301  gccctggact atgtggtcag caatgcctca gttatgaatc tgctcatcat cagctttgac 

 361  aggtacttct gtgtcacaaa acctctgacc tacccagtca agcggaccac aaaaatggca 

 421  ggtatgatga ttgcagctgc ctgggtcctc tctttcatcc tctgggctcc agccattctc 

 481  ttctggcagt tcattgtagg ggtgagaact gtggaggatg gggagtgcta cattcagttt 

 541  ttttccaatg ctgctgtcac ctttggtacg gctattgcag ccttctattt gccagtgatc 

 601  atcatgactg tgctatattg gcacatatcc cgagccagca agagcaggat aaagaaggac 

 661  aagaaggagc ctgttgccaa ccaagacccc gtttctccaa gtctggtaca aggaaggata 

 721  gtgaagccaa acaataacaa catgcccagc agtgacgatg gcctggagca caacaaaatc 

 781  cagaatggca aagcccccag ggatcctgtg actgaaaact gtgttcaggg agaggagaag 

 841  gagagctcca atgactccac ctcagtcagt gctgttgcct ctaatatgag agatgatgaa 

 901  ataacccagg atgaaaacac agtttccact tccctgggcc attccaaaga tgagaactct 

 961  aagcaaacat gcatcagaat tggcaccaag accccaaaaa gtgactcatg taccccaact 

1021  aataccaccg tggaggtagt ggggtcttca ggtcagaatg gagatgaaaa gcagaatatt 

1081  gtagcccgca agattgtgaa gatgactaag cagcctgcaa aaaagaagcc tcctccttcc 

1141  cgggaaaaga aagtcaccag gacaatcttg gctattctgt tggctttcat catcacttgg 

1201  gccccataca atgtcatggt gctcattaac accttttgtg caccttgcat ccccaacact 

1261  gtgtggacaa ttggttactg gctttgttac atcaacagca ctatcaaccc tgcctgctat 

1321  gcactttgca atgccacctt caagaagacc tttaaacacc ttctcatgtg tcattataag 

1381  aacataggcg ctacaaggta ccgtactcga gagaggaggg cccgcttcgt gtccaagaaa 

1441  ggcaactgca acgtcgccca caagaacatt cgagagcagg gccgcttcct gcaggatgtg 

1501  ttcaccacgc tggtggacct caaatggcca cacactctgc tcattttcac catgtccttc 

1561  ctgtgcagct ggctgctctt tgccatggtc tggtggctca tcgccttcgc ccacggtgat 

1621  ctctatgctt acatggagaa aggcatcacg gacctggccc cctacccata cgatgtacca 

1681  gattacgccg gagagggcac caatgtgccc tgcgtcacaa gcatccactc cttttcatct 

1741  gccttccttt tctccatcga ggtccaggtg accattggtt tcggcgggcg catggtgaca 

1801  gaggaatgtc ccctggccat cctcattctc attgtgcaga atatcgtcgg gctgatgatc 

1861  aacgccatca tgctgggctg catcttcatg aaaacggccc aggcacatcg gcgggcagaa 

1921  accctcatct tcagcaagca tgctgtgatc accctgcgcc atggccgcct gtgcttcatg 

1981  ctgcgcgtag gggacctccg aaagagcatg atcattagcg ccaccatcca catgcaggtg 

2041  gtgcgcaaga ccaccagccc cgagggcgaa gttgtgcctc tccaccaggt agacatcccc 

2101  atggagaatg gcgtgggtgg taacggcatc ttcctggtgg ccccactcat catctaccac 

2161  gtcatcgact ccaacagccc gctctacgac ctggctccta gtgacctgca ccaccaccag 
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2221  gacctggaga tcattgtcat cttggaaggc gtggtagaaa ccacgggcat caccacccag 

2281  gcccgcacct cctacctagc tgacgagatt ctatgggggc agcgctttgt ccccattgtg 

2341  gccgaggagg acggccgcta ttctgtggac tactccaaat ttggtaacac cattaaagtg 

2401  cccacaccac tctgcacagc ccgccagctt gatgaggacc gcagtctgta g 

 

 

Insert Peptide Sequence: 

 

  1  MNNSTNSSNN SLALTSPYKT FEVVFIVLVA GSLSLVTIIG NILVMVSIKV NRHLQTVNNY 

 61  FLFSLACADL IIGVFSMNLY TLYTVIGYWP LGPVVCDLWL ALDYVVSNAS VMNLLIISFD 

121  RYFCVTKPLT YPVKRTTKMA GMMIAAAWVL SFILWAPAIL FWQFIVGVRT VEDGECYIQF 

181  FSNAAVTFGT AIAAFYLPVI IMTVLYWHIS RASKSRIKKD KKEPVANQDP VSPSLVQGRI 

241  VKPNNNNMPS SDDGLEHNKI QNGKAPRDPV TENCVQGEEK ESSNDSTSVS AVASNMRDDE 

301  ITQDENTVST SLGHSKDENS KQTCIRIGTK TPKSDSCTPT NTTVEVVGSS GQNGDEKQNI 

361  VARKIVKMTK QPAKKKPPPS REKKVTRTIL AILLAFIITW APYNVMVLIN TFCAPCIPNT 

421  VWTIGYWLCY INSTINPACY ALCNATFKKT FKHLLMCHYK NIGATRYRTR ERRARFVSKK 

481  GNCNVAHKNI REQGRFLQDV FTTLVDLKWP HTLLIFTMSF LCSWLLFAMV WWLIAFAHGD 

541  LYAYMEKGIT DLAPYPYDVP DYAGEGTNVP CVTSIHSFSS AFLFSIEVQV TIGFGGRMVT 

601  EECPLAILIL IVQNIVGLMI NAIMLGCIFM KTAQAHRRAE TLIFSKHAVI TLRHGRLCFM 

661  LRVGDLRKSM IISATIHMQV VRKTTSPEGE VVPLHQVDIP MENGVGGNGI FLVAPLIIYH 

721  VIDSNSPLYD LAPSDLHHHQ DLEIIVILEG VVETTGITTQ ARTSYLADEI LWGQRFVPIV 

781  AEEDGRYSVD YSKFGNTIKV PTPLCTARQL DEDRSLLDAL TLASSRGPLR KRSVAVAKAK 

841  PKFSISPDSL S 

 

 

 

Complete Vector Sequence: 
   1  taatacgact cactataggg agacccaagc tggctagagg tacccagctt gcttgttctt 

  61  tttgcagaag ctcagaataa acgctcaact ttggcagatc aattccccgg ggatccgatg 

 121  aataactcaa caaactcctc taacaatagc ctggctctta caagtcctta taagacattt 

 181  gaagtggtgt ttattgtcct ggtggctgga tccctcagtt tggtgaccat tatcgggaac 

 241  atcctagtca tggtttccat taaagtcaac cgccacctcc agaccgtcaa caattacttt 

 301  ttattcagct tggcctgtgc tgaccttatc ataggtgttt tctccatgaa cttgtacacc 

 361  ctctacactg tgattggtta ctggcctttg ggacctgtgg tgtgtgacct ttggctagcc 

 421  ctggactatg tggtcagcaa tgcctcagtt atgaatctgc tcatcatcag ctttgacagg 

 481  tacttctgtg tcacaaaacc tctgacctac ccagtcaagc ggaccacaaa aatggcaggt 

 541  atgatgattg cagctgcctg ggtcctctct ttcatcctct gggctccagc cattctcttc 

 601  tggcagttca ttgtaggggt gagaactgtg gaggatgggg agtgctacat tcagtttttt 

 661  tccaatgctg ctgtcacctt tggtacggct attgcagcct tctatttgcc agtgatcatc 

 721  atgactgtgc tatattggca catatcccga gccagcaaga gcaggataaa gaaggacaag 

 781  aaggagcctg ttgccaacca agaccccgtt tctccaagtc tggtacaagg aaggatagtg 

 841  aagccaaaca ataacaacat gcccagcagt gacgatggcc tggagcacaa caaaatccag 

 901  aatggcaaag cccccaggga tcctgtgact gaaaactgtg ttcagggaga ggagaaggag 

 961  agctccaatg actccacctc agtcagtgct gttgcctcta atatgagaga tgatgaaata 

1021  acccaggatg aaaacacagt ttccacttcc ctgggccatt ccaaagatga gaactctaag 

1081  caaacatgca tcagaattgg caccaagacc ccaaaaagtg actcatgtac cccaactaat 

1141  accaccgtgg aggtagtggg gtcttcaggt cagaatggag atgaaaagca gaatattgta 

1201  gcccgcaaga ttgtgaagat gactaagcag cctgcaaaaa agaagcctcc tccttcccgg 

1261  gaaaagaaag tcaccaggac aatcttggct attctgttgg ctttcatcat cacttgggcc 

1321  ccatacaatg tcatggtgct cattaacacc ttttgtgcac cttgcatccc caacactgtg 

1381  tggacaattg gttactggct ttgttacatc aacagcacta tcaaccctgc ctgctatgca 

1441  ctttgcaatg ccaccttcaa gaagaccttt aaacaccttc tcatgtgtca ttataagaac 

1501  ataggcgcta caaggtaccg tactcgagag aggagggccc gcttcgtgtc caagaaaggc 

1561  aactgcaacg tcgcccacaa gaacattcga gagcagggcc gcttcctgca ggatgtgttc 

1621  accacgctgg tggacctcaa atggccacac actctgctca ttttcaccat gtccttcctg 

1681  tgcagctggc tgctctttgc catggtctgg tggctcatcg ccttcgccca cggtgatctc 
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1741  tatgcttaca tggagaaagg catcacggac ctggccccct acccatacga tgtaccagat 

1801  tacgccggag agggcaccaa tgtgccctgc gtcacaagca tccactcctt ttcatctgcc 

1861  ttccttttct ccatcgaggt ccaggtgacc attggtttcg gcgggcgcat ggtgacagag 

1921  gaatgtcccc tggccatcct cattctcatt gtgcagaata tcgtcgggct gatgatcaac 

1981  gccatcatgc tgggctgcat cttcatgaaa acggcccagg cacatcggcg ggcagaaacc 

2041  ctcatcttca gcaagcatgc tgtgatcacc ctgcgccatg gccgcctgtg cttcatgctg 

2101  cgcgtagggg acctccgaaa gagcatgatc attagcgcca ccatccacat gcaggtggtg 

2161  cgcaagacca ccagccccga gggcgaagtt gtgcctctcc accaggtaga catccccatg 

2221  gagaatggcg tgggtggtaa cggcatcttc ctggtggccc cactcatcat ctaccacgtc 

2281  atcgactcca acagcccgct ctacgacctg gctcctagtg acctgcacca ccaccaggac 

2341  ctggagatca ttgtcatctt ggaaggcgtg gtagaaacca cgggcatcac cacccaggcc 

2401  cgcacctcct acctagctga cgagattcta tgggggcagc gctttgtccc cattgtggcc 

2461  gaggaggacg gccgctattc tgtggactac tccaaatttg gtaacaccat taaagtgccc 

2521  acaccactct gcacagcccg ccagcttgat gaggaccgca gtctgtagat ctggttacca 

2581  ctaaataagc cttaagaaca cccgaatgga gtctctaagc tacataatac caacttacac 

2641  tttacaaaat gttgtccccc aaaatgtagc cattcgtatc tgctcctaat aaaaagaaag 

2701  tttcttcaca ttctaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa accccccccc 

2761  cccccccctg caaaaatctg ctagcttgag tattctatag tgtcacctaa atctcgagtc 

2821  tagagggccc gtttaaaccc gctgatcagc ctcgactgtg ccttctagtt gccagccatc 

2881  tgttgtttgc ccctcccccg tgccttcctt gaccctggaa ggtgccactc ccactgtcct 

2941  ttcctaataa aatgaggaaa ttgcatcgca ttgtctgagt aggtgtcatt ctattctggg 

3001  gggtggggtg gggcaggaca gcaaggggga ggattgggaa gacaatagca ggcatgctgg 

3061  ggatgcggtg ggctctatgg cttctgaggc ggaaagaacc agctggggct ctagggggta 

3121  tccccacgcg ccctgtagcg gcgcattaag cgcggcgggt gtggtggtta cgcgcagcgt 

3181  gaccgctaca cttgccagcg ccctagcgcc cgctcctttc gctttcttcc cttcctttct 

3241  cgccacgttc gccggctttc cccgtcaagc tctaaatcgg gggctccctt tagggttccg 

3301  atttagtgct ttacggcacc tcgaccccaa aaaacttgat tagggtgatg gttcacgtag 

3361  tgggccatcg ccctgataga cggtttttcg ccctttgacg ttggagtcca cgttctttaa 

3421  tagtggactc ttgttccaaa ctggaacaac actcaaccct atctcggtct attcttttga 

3481  tttataaggg attttgccga tttcggccta ttggttaaaa aatgagctga tttaacaaaa 

3541  atttaacgcg aattaattct gtggaatgtg tgtcagttag ggtgtggaaa gtccccaggc 

3601  tccccagcag gcagaagtat gcaaagcatg catctcaatt agtcagcaac caggtgtgga 

3661  aagtccccag gctccccagc aggcagaagt atgcaaagca tgcatctcaa ttagtcagca 

3721  accatagtcc cgcccctaac tccgcccatc ccgcccctaa ctccgcccag ttccgcccat 

3781  tctccgcccc atggctgact aatttttttt atttatgcag aggccgaggc cgcctctgcc 

3841  tctgagctat tccagaagta gtgaggaggc ttttttggag gcctaggctt ttgcaaaaag 

3901  ctcccgggag cttgtatatc cattttcgga tctgatcagc acgtgttgac aattaatcat 

3961  cggcatagta tatcggcata gtataatacg acaaggtgag gaactaaacc atgggcatga 

4021  gcaagggcga ggagctgttc accggggtgg tgcccatcct ggtcgagctg gacggcgacg 

4081  taaacggcca caagttcagc gtgtccggcg agggcgaggg cgatgccacc tacggcaagc 

4141  tgaccctgaa gttcatctgc accaccggca agctgcccgt gccctggccc accctcgtga 

4201  ccaccctgac ctacggcgtg cagtgcttca gccgctaccc cgaccacatg aagcagcacg 

4261  acttcttcaa gtccgccatg cccgaaggct acgtccagga gcgcaccatc ttcttcaagg 

4321  acgacggcaa ctacaagacc cgcgccgagg tgaagttcga gggcgacacc ctggtgaacc 

4381  gcatcgagct gaagggcatc gacttcaagg aggacggcaa catcctgggg cacaagctgg 

4441  agtacaacta caacagccac aacgtctata tcatggccga caagcagaag aacggcatca 

4501  aggtgaactt caagatccgc cacaacatcg aggacggcag cgtgcagctc gccgaccact 

4561  accagcagaa cacccccatc ggcgacggcc ccgtgctgct gcccgacaac cactacctga 

4621  gcacccagtc cgccctgagc aaagacccca acgagaagcg cgatcacatg gtcctgctgg 

4681  agttcgtgac cgccgccggg atcactctcg gcatggacgg taccattgaa caagatggat 

4741  tgcacgcagg ttctccggcc gcttgggtgg agaggctatt cggctatgac tgggcacaac 

4801  agacaatcgg ctgctctgat gccgccgtgt tccggctgtc agcgcagggg cgcccggttc 

4861  tttttgtcaa gaccgacctg tccggtgccc tgaatgaact gcaggacgag gcagcgcggc 

4921  tatcgtggct ggccacgacg ggcgttcctt gcgcagctgt gctcgacgtt gtcactgaag 

4981  cgggaaggga ctggctgcta ttgggcgaag tgccggggca ggatctcctg tcatctcacc 

5041  ttgctcctgc cgagaaagta tccatcatgg ctgatgcaat gcggcggctg catacgcttg 

5101  atccggctac ctgcccattc gaccaccaag cgaaacatcg catcgagcga gcacgtactc 
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5161  ggatggaagc cggtcttgtc gatcaggatg atctggacga agagcatcag gggctcgcgc 

5221  cagccgaact gttcgccagg ctcaaggcgc gcatgcccga cggcgaggat ctcgtcgtga 

5281  cccatggcga tgcctgcttg ccgaatatca tggtggaaaa tggccgcttt tctggattca 

5341  tcgactgtgg ccggctgggt gtggcggacc gctatcagga catagcgttg gctacccgtg 

5401  atattgctga agagcttggc ggcgaatggg ctgaccgctt cctcgtgctt tacggtatcg 

5461  ccgctcccga ttcgcagcgc atcgccttct atcgccttct tgacgagttc ttctgagcgg 

5521  gactctgggg ttcgaaatga ccgaccaagc gacgcccaac ctgccatcac gagatttcga 

5581  ttccaccgcc gccttctatg aaaggttggg cttcggaatc gttttccggg acgccggctg 

5641  gatgatcctc cagcgcgggg atctcatgct ggagttcttc gcccacccca acttgtttat 

5701  tgcagcttat aatggttaca aataaagcaa tagcatcaca aatttcacaa ataaagcatt 

5761  tttttcactg cattctagtt gtggtttgtc caaactcatc aatgtatctt atcatgtctg 

5821  tataccgtcg tccggacact caaaggcggt aatacggtta tccacagaat caggggataa 

5881  cgcaggaaag aacatgtgag caaaaggcca gcaaaaggcc aggaaccgta aaaaggccgc 

5941  gttgctggcg tttttccata ggctccgccc ccctgacgag catcacaaaa atcgacgctc 

6001  aagtcagagg tggcgaaacc cgacaggact ataaagatac caggcgtttc cccctggaag 

6061  ctccctcgtg cgctctcctg ttccgaccct gccgcttacc ggatacctgt ccgcctttct 

6121  cccttcggga agcgtggcgc tttctcatag ctcacgctgt aggtatctca gttcggtgta 

6181  ggtcgttcgc tccaagctgg gctgtgtgca cgaacccccc gttcagcccg accgctgcgc 

6241  cttatccggt aactatcgtc ttgagtccaa cccggtaaga cacgacttat cgccactggc 

6301  agcagccact ggtaacagga ttagcagagc gaggtatgta ggcggtgcta cagagttctt 

6361  gaagtggtgg cctaactacg gctacactag aagaacagta tttggtatct gcgctctgct 

6421  gaagccagtt accttcggaa aaagagttgg tagctcttga tccggcaaac aaaccaccgc 

6481  tggtagcggt ggtttttttg tttgcaagca gcagattacg cgcagaaaaa aaggatctca 

6541  agaagatcct ttgatctttt ctacggggtc tgacgctcag tggaacgaaa actcacgtta 

6601  agggattttg gtcatgagat ctcccgatcc cctatggtgc actctcagta caatctgctc 

6661  tgatgccgca tagttaagcc agtatctgct ccctgcttgt gtgttggagg tcgctgagta 

6721  gtgcgcgagc aaaatttaag ctacaacaag gcaaggcttg accgacaatt gcatgaagaa 

6781  tctgcttagg gttaggcgtt ttgcgctgct tcgcgatgta cgggccagat atacgcgttg 

6841  acattgatta ttgactagtt attaatagta atcaattacg gggtcattag ttcatagccc 

6901  atatatggag ttccgcgtta cataacttac ggtaaatggc ccgcctggct gaccgcccaa 

6961  cgacccccgc ccattgacgt caataatgac gtatgttccc atagtaacgc caatagggac 

7021  tttccattga cgtcaatggg tggagtattt acggtaaact gcccacttgg cagtacatca 

7081  agtgtatcat atgccaagta cgccccctat tgacgtcaat gacggtaaat ggcccgcctg 

7141  gcattatgcc cagtacatga ccttatggga ctttcctact tggcagtaca tctacgtatt 

7201  agtcatcgct attaccatgg tgatgcggtt ttggcagtac atcaatgggc gtggatagcg 

7261  gtttgactca cggggatttc caagtctcca ccccattgac gtcaatggga gtttgttttg 

7321  gcaccaaaat caacgggact ttccaaaatg tcgtaacaac tccgccccat tgacgcaaat 

7381  gggcggtagg cgtgtacggt gggaggtcta tataagcaga gctctctggc taactagaga 

7441  acccactgct tactggctta tcgaaat 
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Name:  D2-Kir 

Vector:  pXoom 

Antibiotic Resistance:  Kanamycin (Bacterial), Geneticin (Mammalian) 

Expression System: Oocyte &  Mammalian cells 

Length of Insert (bp):  2487 

Approximate Protein Size:  93.68 kDa 

 

Construct was kindly provided as a gift by Dr. Christophe Moreau and Dr. Michel 

Vivaudou 

 

Insert DNA Sequence:  7503 

 
   1  atggatccac tgaatctgtc ctggtatgat gatgatctgg agaggcagaa ctggagccgg 

  61  cccttcaacg ggtcagacgg gaaggcggac agaccccact acaactacta tgccacactg 

 121  ctcaccctgc tcatcgctgt catcgtcttc ggcaacgtgc tggtgtgcat ggctgtgtcc 

 181  cgcgagaagg cgctgcagac caccaccaac tacctgatcg tcagcctcgc agtggccgac 

 241  ctcctcgtcg ccacactggt catgccctgg gttgtctacc tggaggtggt aggtgagtgg 

 301  aaattcagca ggattcactg tgacatcttc gtcactctgg acgtcatgat gtgcacggcg 

 361  agcatcctga acttgtgtgc catcagcatc gacaggtaca cagctgtggc catgcccatg 

 421  ctgtacaata cgcgctacag ctccaagcgc cgggtcaccg tcatgatctc catcgtctgg 

 481  gtcctgtcct tcaccatctc ctgcccactc ctcttcggac tcaataacgc agaccagaac 

 541  gagtgcatca ttgccaaccc ggccttcgtg gtctactcct ccatcgtctc cttctacgtg 

 601  cccttcattg tcaccctgct ggtctacatc aagatctaca ttgtcctccg cagacgccgc 

 661  aagcgagtca acaccaaacg cagcagccga gctttcaggg cccacctgag ggctccacta 

 721  aagggcaact gtactcaccc cgaggacatg aaactctgca ccgttatcat gaagtctaat 

 781  gggagtttcc cagtgaacag gcggagagtg gaggctgccc ggcgagccca ggagctggag 

 841  atggagatgc tctccagcac cagcccaccc gagaggaccc ggtacagccc catcccaccc 

 901  agccaccacc agctgactct ccccgacccg tcccaccatg gtctccacag cactcccgac 

 961  agccccgcca aaccagagaa gaatgggcat gccaaagacc accccaagat tgccaagatc 

1021  tttgagatcc agaccatgcc caatggcaaa acccggacct ccctcaagac catgagccgt 

1081  aggaagctct cccagcagaa ggagaagaaa gccactcaga tgctcgccat tgttctcggc 

1141  gtgttcatca tctgctggct gcccttcttc atcacacaca tcctgaacat acactgtgac 

1201  tgcaacatcc cgcctgtcct gtacagcgcc ttcacgtggc tgggctatgt caacagcgcc 

1261  gtgaacccca tcatctacac caccttcaac attgagttcc gcaaggcctt cctgaagatc 

1321  ctccactgct accgtactcg agagaggagg gcccgcttcg tgtccaagaa aggcaactgc 

1381  aacgtcgccc acaagaacat tcgagagcag ggccgcttcc tgcaggatgt gttcaccacg 

1441  ctggtggacc tcaaatggcc acacactctg ctcattttca ccatgtcctt cctgtgcagc 

1501  tggctgctct ttgccatggt ctggtggctc atcgccttcg cccacggtga tctctatgct 

1561  tacatggaga aaggcatcac ggacctggcc ccctacccat acgatgtacc agattacgcc 

1621  ggagagggca ccaatgtgcc ctgcgtcaca agcatccact ccttttcatc tgccttcctt 

1681  ttctccatcg aggtccaggt gaccattggt ttcggcgggc gcatggtgac agaggaatgt 

1741  cccctggcca tcctcattct cattgtgcag aatatcgtcg ggctgatgat caacgccatc 

1801  atgctgggct gcatcttcat gaaaacggcc caggcacatc ggcgggcaga aaccctcatc 

1861  ttcagcaagc atgctgtgat caccctgcgc catggccgcc tgtgcttcat gctgcgcgta 

1921  ggggacctcc gaaagagcat gatcattagc gccaccatcc acatgcaggt ggtgcgcaag 

1981  accaccagcc ccgagggcga agttgtgcct ctccaccagg tagacatccc catggagaat 

2041  ggcgtgggtg gtaacggcat cttcctggtg gccccactca tcatctacca cgtcatcgac 

2101  tccaacagcc cgctctacga cctggctcct agtgacctgc accaccacca ggacctggag 

2161  atcattgtca tcttggaagg cgtggtagaa accacgggca tcaccaccca ggcccgcacc 



221 

 

2221  tcctacctag ctgacgagat tctatggggg cagcgctttg tccccattgt ggccgaggag 

2281  gacggccgct attctgtgga ctactccaaa tttggtaaca ccattaaagt gcccacacca 

2341  ctctgcacag cccgccagct tgatgaggac cgcagtctgc tggatgccct gaccctcgcc 

2401  tcgtcgcggg ggcccctgcg caagcgcagt gtggctgtgg cgaaggccaa gcccaagttt 

2461  agcatctctc cagattcctt gtcctag 

 

 

Insert Peptide Sequence: 

 

  1  MDPLNLSWYD DDLERQNWSR PFNGSDGKAD RPHYNYYATL LTLLIAVIVF GNVLVCMAVS 

 61  REKALQTTTN YLIVSLAVAD LLVATLVMPW VVYLEVVGEW KFSRIHCDIF VTLDVMMCTA 

121  SILNLCAISI DRYTAVAMPM LYNTRYSSKR RVTVMISIVW VLSFTISCPL LFGLNNADQN 

181  ECIIANPAFV VYSSIVSFYV PFIVTLLVYI KIYIVLRRRR KRVNTKRSSR AFRAHLRAPL 

241  KGNCTHPEDM KLCTVIMKSN GSFPVNRRRV EAARRAQELE MEMLSSTSPP ERTRYSPIPP 

301  SHHQLTLPDP SHHGLHSTPD SPAKPEKNGH AKDHPKIAKI FEIQTMPNGK TRTSLKTMSR 

361  RKLSQQKEKK ATQMLAIVLG VFIICWLPFF ITHILNIHCD CNIPPVLYSA FTWLGYVNSA 

421  VNPIIYTTFN IEFRKAFLKI LHCYRTRERR ARFVSKKGNC NVAHKNIREQ GRFLQDVFTT 

481  LVDLKWPHTL LIFTMSFLCS WLLFAMVWWL IAFAHGDLYA YMEKGITDLA PYPYDVPDYA 

541  GEGTNVPCVT SIHSFSSAFL FSIEVQVTIG FGGRMVTEEC PLAILILIVQ NIVGLMINAI 

601  MLGCIFMKTA QAHRRAETLI FSKHAVITLR HGRLCFMLRV GDLRKSMIIS ATIHMQVVRK 

661  TTSPEGEVVP LHQVDIPMEN GVGGNGIFLV APLIIYHVID SNSPLYDLAP SDLHHHQDLE 

721  IIVILEGVVE TTGITTQART SYLADEILWG QRFVPIVAEE DGRYSVDYSK FGNTIKVPTP 

781  LCTARQLDED RSLLDALTLA SSRGPLRKRS VAVAKAKPKF SISPDSLS 

 

 

 

Complete Vector Sequence: 
 
   1  taatacgact cactataggg agacccaagc tggctagagg tacccagctt gcttgttctt 

  61  tttgcagaag ctcagaataa acgctcaact ttggcagatc aattccccgg ggatccgatg 

 121  gatccactga atctgtcctg gtatgatgat gatctggaga ggcagaactg gagccggccc   

 181  ttcaacgggt cagacgggaa ggcggacaga ccccactaca actactatgc cacactgctc 

 241  accctgctca tcgctgtcat cgtcttcggc aacgtgctgg tgtgcatggc tgtgtcccgc 

 301  gagaaggcgc tgcagaccac caccaactac ctgatcgtca gcctcgcagt ggccgacctc 

 361  ctcgtcgcca cactggtcat gccctgggtt gtctacctgg aggtggtagg tgagtggaaa 

 421  ttcagcagga ttcactgtga catcttcgtc actctggacg tcatgatgtg cacggcgagc 

 481  atcctgaact tgtgtgccat cagcatcgac aggtacacag ctgtggccat gcccatgctg 

 541  tacaatacgc gctacagctc caagcgccgg gtcaccgtca tgatctccat cgtctgggtc 

 601  ctgtccttca ccatctcctg cccactcctc ttcggactca ataacgcaga ccagaacgag 

 661  tgcatcattg ccaacccggc cttcgtggtc tactcctcca tcgtctcctt ctacgtgccc 

 721  ttcattgtca ccctgctggt ctacatcaag atctacattg tcctccgcag acgccgcaag 

 781  cgagtcaaca ccaaacgcag cagccgagct ttcagggccc acctgagggc tccactaaag 

 841  ggcaactgta ctcaccccga ggacatgaaa ctctgcaccg ttatcatgaa gtctaatggg 

 901  agtttcccag tgaacaggcg gagagtggag gctgcccggc gagcccagga gctggagatg 

 961  gagatgctct ccagcaccag cccacccgag aggacccggt acagccccat cccacccagc 

1021  caccaccagc tgactctccc cgacccgtcc caccatggtc tccacagcac tcccgacagc 

1081  cccgccaaac cagagaagaa tgggcatgcc aaagaccacc ccaagattgc caagatcttt 

1141  gagatccaga ccatgcccaa tggcaaaacc cggacctccc tcaagaccat gagccgtagg 

1201  aagctctccc agcagaagga gaagaaagcc actcagatgc tcgccattgt tctcggcgtg 

1261  ttcatcatct gctggctgcc cttcttcatc acacacatcc tgaacataca ctgtgactgc 

1321  aacatcccgc ctgtcctgta cagcgccttc acgtggctgg gctatgtcaa cagcgccgtg 

1381  aaccccatca tctacaccac cttcaacatt gagttccgca aggccttcct gaagatcctc 

1441  cactgctacc gtactcgaga gaggagggcc cgcttcgtgt ccaagaaagg caactgcaac 

1501  gtcgcccaca agaacattcg agagcagggc cgcttcctgc aggatgtgtt caccacgctg 

1561  gtggacctca aatggccaca cactctgctc attttcacca tgtccttcct gtgcagctgg 

1621  ctgctctttg ccatggtctg gtggctcatc gccttcgccc acggtgatct ctatgcttac 
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1681  atggagaaag gcatcacgga cctggccccc tacccatacg atgtaccaga ttacgccgga 

1741  gagggcacca atgtgccctg cgtcacaagc atccactcct tttcatctgc cttccttttc 

1801  tccatcgagg tccaggtgac cattggtttc ggcgggcgca tggtgacaga ggaatgtccc 

1861  ctggccatcc tcattctcat tgtgcagaat atcgtcgggc tgatgatcaa cgccatcatg 

1921  ctgggctgca tcttcatgaa aacggcccag gcacatcggc gggcagaaac cctcatcttc 

1981  agcaagcatg ctgtgatcac cctgcgccat ggccgcctgt gcttcatgct gcgcgtaggg 

2041  gacctccgaa agagcatgat cattagcgcc accatccaca tgcaggtggt gcgcaagacc 

2101  accagccccg agggcgaagt tgtgcctctc caccaggtag acatccccat ggagaatggc 

2161  gtgggtggta acggcatctt cctggtggcc ccactcatca tctaccacgt catcgactcc 

2221  aacagcccgc tctacgacct ggctcctagt gacctgcacc accaccagga cctggagatc 

2281  attgtcatct tggaaggcgt ggtagaaacc acgggcatca ccacccaggc ccgcacctcc 

2341  tacctagctg acgagattct atgggggcag cgctttgtcc ccattgtggc cgaggaggac 

2401  ggccgctatt ctgtggacta ctccaaattt ggtaacacca ttaaagtgcc cacaccactc 

2461  tgcacagccc gccagcttga tgaggaccgc agtctgctgg atgccctgac cctcgcctcg 

2521  tcgcgggggc ccctgcgcaa gcgcagtgtg gctgtggcga aggccaagcc caagtttagc 

2581  atctctccag attccttgtc ctagatctgg ttaccactaa ataagcctta agaacacccg 

2641  aatggagtct ctaagctaca taataccaac ttacacttta caaaatgttg tcccccaaaa 

2701  tgtagccatt cgtatctgct cctaataaaa agaaagtttc ttcacattct aaaaaaaaaa 

2761  aaaaaaaaaa aaaaaaaaaa aaaaaaaccc cccccccccc cccctgcaga gatctgctag 

2821  cttgagtatt ctatagtgtc acctaaatct cgagtctaga gggcccgttt aaacccgctg 

2881  atcagcctcg actgtgcctt ctagttgcca gccatctgtt gtttgcccct cccccgtgcc 

2941  ttccttgacc ctggaaggtg ccactcccac tgtcctttcc taataaaatg aggaaattgc 

3001  atcgcattgt ctgagtaggt gtcattctat tctggggggt ggggtggggc aggacagcaa 

3061  gggggaggat tgggaagaca atagcaggca tgctggggat gcggtgggct ctatggcttc 

3121  tgaggcggaa agaaccagct ggggctctag ggggtatccc cacgcgccct gtagcggcgc 

3181  attaagcgcg gcgggtgtgg tggttacgcg cagcgtgacc gctacacttg ccagcgccct 

3241  agcgcccgct cctttcgctt tcttcccttc ctttctcgcc acgttcgccg gctttccccg 

3301  tcaagctcta aatcgggggc tccctttagg gttccgattt agtgctttac ggcacctcga 

3361  ccccaaaaaa cttgattagg gtgatggttc acgtagtggg ccatcgccct gatagacggt 

3421  ttttcgccct ttgacgttgg agtccacgtt ctttaatagt ggactcttgt tccaaactgg 

3481  aacaacactc aaccctatct cggtctattc ttttgattta taagggattt tgccgatttc 

3541  ggcctattgg ttaaaaaatg agctgattta acaaaaattt aacgcgaatt aattctgtgg 

3601  aatgtgtgtc agttagggtg tggaaagtcc ccaggctccc cagcaggcag aagtatgcaa 

3661  agcatgcatc tcaattagtc agcaaccagg tgtggaaagt ccccaggctc cccagcaggc 

3721  agaagtatgc aaagcatgca tctcaattag tcagcaacca tagtcccgcc cctaactccg 

3781  cccatcccgc ccctaactcc gcccagttcc gcccattctc cgccccatgg ctgactaatt 

3841  ttttttattt atgcagaggc cgaggccgcc tctgcctctg agctattcca gaagtagtga 

3901  ggaggctttt ttggaggcct aggcttttgc aaaaagctcc cgggagcttg tatatccatt 

3961  ttcggatctg atcagcacgt gttgacaatt aatcatcggc atagtatatc ggcatagtat 

4021  aatacgacaa ggtgaggaac taaaccatgg gcatgagcaa gggcgaggag ctgttcaccg 

4081  gggtggtgcc catcctggtc gagctggacg gcgacgtaaa cggccacaag ttcagcgtgt 

4141  ccggcgaggg cgagggcgat gccacctacg gcaagctgac cctgaagttc atctgcacca 

4201  ccggcaagct gcccgtgccc tggcccaccc tcgtgaccac cctgacctac ggcgtgcagt 

4261  gcttcagccg ctaccccgac cacatgaagc agcacgactt cttcaagtcc gccatgcccg 

4321  aaggctacgt ccaggagcgc accatcttct tcaaggacga cggcaactac aagacccgcg 

4381  ccgaggtgaa gttcgagggc gacaccctgg tgaaccgcat cgagctgaag ggcatcgact 

4441  tcaaggagga cggcaacatc ctggggcaca agctggagta caactacaac agccacaacg 

4501  tctatatcat ggccgacaag cagaagaacg gcatcaaggt gaacttcaag atccgccaca 

4561  acatcgagga cggcagcgtg cagctcgccg accactacca gcagaacacc cccatcggcg 

4621  acggccccgt gctgctgccc gacaaccact acctgagcac ccagtccgcc ctgagcaaag 

4681  accccaacga gaagcgcgat cacatggtcc tgctggagtt cgtgaccgcc gccgggatca 

4741  ctctcggcat ggacggtacc attgaacaag atggattgca cgcaggttct ccggccgctt 

4801  gggtggagag gctattcggc tatgactggg cacaacagac aatcggctgc tctgatgccg 

4861  ccgtgttccg gctgtcagcg caggggcgcc cggttctttt tgtcaagacc gacctgtccg 

4921  gtgccctgaa tgaactgcag gacgaggcag cgcggctatc gtggctggcc acgacgggcg 

4981  ttccttgcgc agctgtgctc gacgttgtca ctgaagcggg aagggactgg ctgctattgg 

5041  gcgaagtgcc ggggcaggat ctcctgtcat ctcaccttgc tcctgccgag aaagtatcca 
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5101  tcatggctga tgcaatgcgg cggctgcata cgcttgatcc ggctacctgc ccattcgacc 

5161  accaagcgaa acatcgcatc gagcgagcac gtactcggat ggaagccggt cttgtcgatc 

5221  aggatgatct ggacgaagag catcaggggc tcgcgccagc cgaactgttc gccaggctca 

5281  aggcgcgcat gcccgacggc gaggatctcg tcgtgaccca tggcgatgcc tgcttgccga 

5341  atatcatggt ggaaaatggc cgcttttctg gattcatcga ctgtggccgg ctgggtgtgg 

5401  cggaccgcta tcaggacata gcgttggcta cccgtgatat tgctgaagag cttggcggcg 

5461  aatgggctga ccgcttcctc gtgctttacg gtatcgccgc tcccgattcg cagcgcatcg 

5521  ccttctatcg ccttcttgac gagttcttct gagcgggact ctggggttcg aaatgaccga 

5581  ccaagcgacg cccaacctgc catcacgaga tttcgattcc accgccgcct tctatgaaag 

5641  gttgggcttc ggaatcgttt tccgggacgc cggctggatg atcctccagc gcggggatct 

5701  catgctggag ttcttcgccc accccaactt gtttattgca gcttataatg gttacaaata 

5761  aagcaatagc atcacaaatt tcacaaataa agcatttttt tcactgcatt ctagttgtgg 

5821  tttgtccaaa ctcatcaatg tatcttatca tgtctgtata ccgtcgtccg gacactcaaa 

5881  ggcggtaata cggttatcca cagaatcagg ggataacgca ggaaagaaca tgtgagcaaa 

5941  aggccagcaa aaggccagga accgtaaaaa ggccgcgttg ctggcgtttt tccataggct 

6001  ccgcccccct gacgagcatc acaaaaatcg acgctcaagt cagaggtggc gaaacccgac 

6061  aggactataa agataccagg cgtttccccc tggaagctcc ctcgtgcgct ctcctgttcc 

6121  gaccctgccg cttaccggat acctgtccgc ctttctccct tcgggaagcg tggcgctttc 

6181  tcatagctca cgctgtaggt atctcagttc ggtgtaggtc gttcgctcca agctgggctg 

6241  tgtgcacgaa ccccccgttc agcccgaccg ctgcgcctta tccggtaact atcgtcttga 

6301  gtccaacccg gtaagacacg acttatcgcc actggcagca gccactggta acaggattag 

6361  cagagcgagg tatgtaggcg gtgctacaga gttcttgaag tggtggccta actacggcta 

6421  cactagaaga acagtatttg gtatctgcgc tctgctgaag ccagttacct tcggaaaaag 

6481  agttggtagc tcttgatccg gcaaacaaac caccgctggt agcggtggtt tttttgtttg 

6541  caagcagcag attacgcgca gaaaaaaagg atctcaagaa gatcctttga tcttttctac 

6601  ggggtctgac gctcagtgga acgaaaactc acgttaaggg attttggtca tgagatctcc 

6661  cgatccccta tggtgcactc tcagtacaat ctgctctgat gccgcatagt taagccagta 

6721  tctgctccct gcttgtgtgt tggaggtcgc tgagtagtgc gcgagcaaaa tttaagctac 

6781  aacaaggcaa ggcttgaccg acaattgcat gaagaatctg cttagggtta ggcgttttgc 

6841  gctgcttcgc gatgtacggg ccagatatac gcgttgacat tgattattga ctagttatta 

6901  atagtaatca attacggggt cattagttca tagcccatat atggagttcc gcgttacata 

6961  acttacggta aatggcccgc ctggctgacc gcccaacgac ccccgcccat tgacgtcaat 

7021  aatgacgtat gttcccatag taacgccaat agggactttc cattgacgtc aatgggtgga 

7081  gtatttacgg taaactgccc acttggcagt acatcaagtg tatcatatgc caagtacgcc 

7141  ccctattgac gtcaatgacg gtaaatggcc cgcctggcat tatgcccagt acatgacctt 

7201  atgggacttt cctacttggc agtacatcta cgtattagtc atcgctatta ccatggtgat 

7261  gcggttttgg cagtacatca atgggcgtgg atagcggttt gactcacggg gatttccaag 

7321  tctccacccc attgacgtca atgggagttt gttttggcac caaaatcaac gggactttcc 

7381  aaaatgtcgt aacaactccg ccccattgac gcaaatgggc ggtaggcgtg tacggtggga 

7441  ggtctatata agcagagctc tctggctaac tagagaaccc actgcttact ggcttatcga 

7501  aat 
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APPENDIX B.  PIPETTE PULLING PROGRAMS, PATCHMASTER VOLTAGE 

PROTOCOLS, AND DATA ANALYSIS PROGRAMS 

B.1  Pipette pulling programs 

B.1.1.  BLM pipettes (Borosilicate) 

20 μm aperture pipettes 

 Description:  Program pulls ~1 cm long tip in one line 

 Heat Velocity Pull Time 

Line 1 Ramp 90 150 250 

 

3-6 μm apertures 

 Description:  Program pulls a short tip with 5 – 10 μm diameters.  Note:  pipettes will 

need to be pressure polished.  Program loops line 1 three times 

 Heat Velocity Pull Time 

Line 1 Ramp 18-20 0 250 
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B.1.2.  Patch pipettes (Borosilicate) 

Whole Cell/Outside-out/Macropatch program 

 Description:  Program pulls ~ 2 - 3 μm diameter pipette in three lines. Lightly fire 

polish 

 Program #:  34 

 Heat Velocity Pull Time 

Line 1 Ramp 28 0 250 

Line 2 Ramp 28 0 250 

Line 3 Ramp 28 0 250 

 

Inside-Out Pipettes 

 Description:  Modified program #34, pulls < 2 μm diameter pipette in three lines.  

Fire-polish to ~1 μm 

 Program #: 46 

 Heat Velocity Pull Time 

Line 1 Ramp 28 0 250 

Line 2 Ramp 28 0 250 

Line 3 Ramp + 10 29-30 0 250 
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B.1.3.  Patch Pipettes (Quartz) – must be performed on P-2000 CO2 laser puller 

Whole Cell/Outside-out/Macropatch program (1.5 mm o.d. quartz) 

Description:  Program pulls ~ 2 - 3 μm diameter pipette in three lines. Increase the heat or 

decrease the delay time to prepare smaller aperture pipettes 

 Program #:  46 

 Heat Filament Velocity Pull Delay 

Line 1 Ramp 4 40 40 130 

Line 2 Ramp 4 40 40 130 

Line 3 Ramp 4 40 40 130 

 

Inside-Out Pipettes (1.5 mm o.d. quartz) 

Description:  Modified Program 46 for pulling ~1-2 µm diameter patch pipettes in three 

lines. Increase the heat or decrease the velocity to prepare smaller aperture pipettes. 

 Program #: 47 

 Heat Filament Velocity Pull Delay 

Line 1 Ramp 4 40 40 128 

Line 2 Ramp 4 40 60 128 

Line 3 Ramp + 10 4 40 40 128 
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B.2.  Data Analysis Programs 

The following Visual Basic program reconfigures exported PatchMaster .asc files into Excel-

friendly files.  Individual data files are analyzed using programmed Excel files for 

corresponding voltage protocols found in Section B.3 (PatchMaster programs). 

 

Sub MarksFirstRoutine() 

   Application.ScreenUpdating = False 

   Dim sweep As Long, row As Long, empt As Long 

 

   'delete header 

   Range(Cells(2, 1), Cells(3, 3)).Delete 

   'move time trial 1 to leftmost column 

   row = 2 

   sweep = 1 

   empt = findEmpty(row) 

   Range(Cells(row, 2), Cells(empt - 1, 3)).Cut (Cells(2, 1)) 

   Cells(1, 2) = sweep 

   'loop sweeps after trial 1 

   row = empt + 1 

   empt = findEmpty(row) 

   Do While (Cells(row, 1) <> "") 

       sweep = sweep + 1 

       'copy sweep number 

       Cells(1, sweep + 1) = sweep 

       'move current 

       Range(Cells(row + 2, 3), Cells(empt - 1, 3)).Cut (Cells(2, sweep + 1)) 

       'delete extra stuff 

       Range(Cells(row, 1), Cells(empt, 3)).Delete 

       'end when empty cell follows empty cell 

   Loop 

   'scale the currents 

    scaleArea 2, 2, 10 ^ 12 

    Application.ScreenUpdating = True 

End Sub 

 

Private Function findEmpty(startRow As Long) As Long 

   'start at startRow 

   Dim i As Long 

   i = startRow 

   'loop down row to find empty cell ("") 

   Do While (Cells(i, 1) <> "") 

       i = i + 1 

   Loop 

   'return empty cell 

   findEmpty = i 

End Function 
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Private Sub scaleArea(row As Integer, col As Integer, scaleFactor As Double) 

   Dim r As Integer, c As Integer 

   r = row 

   c = col 

   Do While (Cells(r, col) <> "") 

       Do While (Cells(row, c) <> "") 

           Cells(r, c) = Cells(r, c) * scaleFactor 

           c = c + 1 

       Loop 

       c = col 

       r = r + 1 

   Loop 

End Sub 
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B.3.  PatchMaster Voltage Protocols 

Note:  Excel spreadsheets are available to analyze recordings from specific programs. 

B.3.1.  Patch Clamp Experiment Protocols:  Open with Patch Clamp Programs.pgf 

 

Program Name: Single Channel Recordings 

Description:  3 s long trace, looped 1000 times, to gather single channel opening/closing 

events.  The holding potential and gain must be set before initiating the program.  

Additionally, to maintain temporal fidelity between sweeps, the “Gap Free Mode” option 

must be selected.  Otherwise in “Interactive Mode,” an unrecorded wait time (70-300 ms) is 

observed between sweeps. 

Data Analysis:  Whole data files, e.g. SCR 1, may be exported as a .dat file and analyzed 

using Tac & TacFit   
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Program Name: IV (Bilayer) 

Description:  Evaluates BLM, patch, or whole cell conductance by applying 17 voltage steps 

(150 ms duration) from -80 to +80 mV in 10 mV steps, with a 10 ms period of 0 mV 

preceding and following each step.  The lower voltage range is particularly useful for 

evaluating patch or whole cell currents which may show decreased stability at >80 mV.  

However, the short time segments between voltage steps may induce capacitive charging 

artifacts in later steps because the membrane is not fully discharged prior to application of 

the next voltage. 

Data Analysis:  Use “Whole Cell Recording” Spreadsheets 
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Program Name: Single Channel Currents 

Description:  Applies 10 s voltage steps from -80 to + 80 mV in 10 mV steps.  Use this 

program to construct single channel i-V curves. 
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Program Name:  Sine 

Description:  LockIn sine wave function used to calculate membrane capacitance in the 

whole cell configuration.  Sine wave parameters (frequency, amplitude, and cycles) were 

obtained from PatchMaster manual.  This program may also be used to continuously monitor 

whole cell capacitance. 
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Program Name: Whole Cell Recording 

Description:  A modified IV (Bilayer) program to evaluate whole cell conductance.  The cell 

membrane is held at a discrete voltage for 100 ms.  An unstored, 1 s long segment follows 

the voltage step to ensure the membrane capacitance is fully discharged prior to stepping to 

the next voltage. 

Data Analysis:  Use “Whole Cell Recording” spreadsheet 
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Program Name:  Conductance 

Description:  A modified “Whole Cell Recording” program, stepping from -80 to +80 mV in 

10 mV steps (100 ms long).  Use this program if the cell membrane is not stable at applied 

voltages >80 mV. 

Data Analysis:  Use “Whole Cell Recording” spreadsheet 
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B.3.2.  Sub-millisecond programs:  Open with Mark’s sub-ms Program.pgf 

 

 

Program Name:  Breakdown 

Description:  BLM breakdown program to evaluate the electrical stability of BLMs.  The 

program applies 50 ms voltage steps in 10 mV increments increasing from 0 mV to 2,000 

mV.  In order to access voltages >1,000 mV, the “Extended Stimulus Range” and “Extended 

C-fast” option must be activated in the “EPC-10USB” section of the menu bar. 
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Program Name:  Long IV Bilayer 

Description:  Extended program “Conductance” program for experiments where capacitive 

charging of the cell membrane or BLM exceeds 100 ms. 

Data Analysis:  Use “Long IV Bilayer” spreadsheet  
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Program Name:  Extended ICT 1 

Description:  Optimized voltage protocol for evaluating membrane conductance every 30 ms.  

The program is looped 240 times in Gap Free Mode to obtain 1 min of conductance 

measurements.  This program applies three voltage steps: -10, -20, and -30 mV.  Each 

voltage step is held for 10 ms. 

Data Analysis:  Use “ICT 2” spreadsheet  
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Program Name:  Extended ICT 2 

Description:  Similar program as “Extended ICT 1,” but with positive applied voltages. 

Data Analysis:  Use “ICT 2” spreadsheet   
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Program Name:  Sub ms Conductance 

Description:  Preliminary conductance program designed to evaluate membrane conductance 

every 3 ms.  Use this program to verify sufficient capacitance cancellation without 

introduction of cancellation artifacts (e.g. overcompensation). 
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Program Name:  Extended Sub ms Conductance 

Description:  Optimized voltage protocol for evaluating membrane conductance every 0.9 

ms.  The program is designed to acquire up to 6 min of data.  Note:  Due to the file size, the 

PatchMaster .dat files can only acquire three of these files before exceeding the 500 MB size 

limit.   

Data Analysis:  Use “Sub ms conductance” spreadsheet  
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Program Name:  Fast SCR 

Description:  This program is used to acquire traces for evaluating the power noise spectral 

density of the BLM/patch pipette platform.  Filter 1 on the PatchMaster software must be set 

to 100 kHz to evaluate the noise performance across the full instrument bandwidth (with 

Filter 2 Bypassed).  Comparisons with published power noise spectral density plots for the 

EPC-10 and excised patches require Filter 2 be set to ≤15 kHz. 

Data Analysis:  Use Origin software to obtain the noise power density spectrum. 
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Program Name:  Sub ms Bilayer 

Description:  Alternative voltage protocol for evaluating membrane conductance every 0.9 

ms.  This program uses 0, -10, and -20 mV steps instead of -10, -20, and -30 mV steps. 

Data Analysis:  Use “Sub ms conductance” spreadsheet   
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Program Name:  Solution Exchange 

Description:  Fast acquisition program for determining the 10-90% or 20-80% response time 

of the ALA Scientific High Speed Solution Exchange system (HSSE 2/3).  The holding 

potential must be set prior to initiating the program. 
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Program Name:  Extended Breakdown 

Description:  Modified “Breakdown” program which implements a 500 ms rest period 

between each voltage step to allow the capacitive currents of the BLM to relax before 

applying the next voltage. 
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B.3.3.  Response Time Voltage Programs 

Open with ResponseTime.pgf 

Note:  General use voltage programs for BLMs 

 

Program Name:  IC Test 

Description:  5-step voltage protocol for evaluating membrane conductance.  Voltage steps 

are 50 ms long and stepped in 50 mV intervals.  This program was used in Chapter 2. 
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Program Name:  IC Test 2  

Description:  Unused voltage program for  
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Program Name:  IC Test 

Description:  5-step voltage protocol for evaluating membrane conductance.  Voltage steps 

are 50 ms long and stepped in 50 mV intervals.  This program was used in Chapter 2. 
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Program Name:  IC Test 4 

Description:  Voltage program initially designed to determine why consecutive, large voltage 

steps (100 mV, 50 ms) did not provide the same steady-state currents.  Later experiments 

revealed the capacitive currents were not fully relaxing between voltage steps, causing the 

amount of capacitive charging to vary among multiple voltage steps.  This data resulted in 

conductance programs like “Whole Cell Recordings” which implement a 1s non-stored 

segment to allow the bilayer to fully discharge prior to applying another voltage.  
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Program Name:  IC Test 5 

Description:  See description for “IC Test 4.” 
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Program Name:  IC Test 7  

Description:  A variation on “IC Test 2” which implemented a short (2 ms), 100 mV step to 

“pre-charge” the bilayer before implementing the same voltage protocol as “IC Test 2.”  This 

program was never used outside of testing.  
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Program Name:  IC Test 8 

Description:  Shortened version of “IC Test 2” intended for BLMs suspended across ca. 3 µm 

glass apertures.  Voltage steps were shortened to 10 ms, each.   
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Program Name:  IC Test 9  

Description:  3-step voltage protocol.  Typical runs voltages from -30-20-10 mV, 

holding for 10 ms, each step.  Protocol was used in Chapter 2. 
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Program Name:  IC Test 10 

Description:  Same as IC Test 9, but with positive applied voltage steps. 
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Program Name:  IC Test 11 

Description:  See description for IC Test 9.  Voltage steps are now 20 ms long. 
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Program Name:  IC Test 12 

Description:  See description for IC Test 9. 
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Program Name:  IC Test 13 

Description:  Same as IC Test 12, but with 20 ms long voltage steps. 
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Program Name:  IC Test 14 

Description:  3-step voltage protocol for evaluating membrane conductance.  Voltage steps 

are 10 ms long and stepped in 10 mV intervals.  This program was used in Chapter 2. 

Data Analysis:  Use “IC Test 14” spreadsheet. 
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Program Name:  Long IV Bilayer 

Description:  Extended IV Bilayer program which holds at 0 mV for 100 ms before and after 

the voltage step to ensure complete relaxation of the bilayer capacitance.  Voltage steps are 

held for 300 ms. 

Data Analysis:  Use “Long IV Bilayer” spreadsheet. 
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Program Name:  Very Long IV Bilayer 

Description:  Extended version of “Long IV Bilayer” with the 0 mV holding steps increased 

to 1 s and the voltage step duration increased to 3 s.  This program is useful for bilayers 

exhibiting very long capacitive charging characteristics.   

Data Analysis:  Use “Very Long IV Bilayer” spreadsheet.  Note:  The large number of data 

points is difficult to render in Excel. 
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Program Name:  Long IC Test 

Description:  A pyramid version of IC Test 14, where the potential is stepped back up from 

the most negative applied value.   
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Program Name:  Long IC Test 2 

Description:  An extended version of “Long IC Test,” where is the voltage is switched from -

10 mV to -30 mV and back again, in 10 mV steps.  This program is typically extended to 250 

ms and the “No of Sweeps” increased to 240 sweeps to enable 1 min of data collection. 
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Program Name:  Extended IC Test 

Description:  See description for “Long IC Test 2.” 
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Program Name:  SCR Low acquisition 

Description:  Single Channel Recordings protocol for monitoring slow changes in BLM or 

patch conductance.  For example, to see when full bath solution exchange was achieved. 
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Program Name:  Sub ms Conductance 

Description:  A variation of the “sub ms conductance” protocol. 
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Program Name:  Extended Sub-millisecond 

Description:  Variation of the sub-ms conductance program, implementing a -10, 0, and +10 

mV potentials.  A single sweep collects 5.4 ms of data.  However, execution of this program 

lead to data acquisition lag as the program was cycled.  Improved programs implemented 

substantially longer sweeps, 120 ms, which maintained better temporal fidelity, as 

determined with a manual stopwatch. 
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Program Name:  Very Long IV Bilayer 

Description:  Extended version of the “Long IV Bilayer” program intended for evaluating 

BLMs with long capacitive charging currents (i.e. BLMs suspended across >50 µm 

apertures).   
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APPENDIX C: PUBLICATIONS 

“Decreased aperture surface energy enhances electrical, mechanical, and temporal stability of 

suspended lipid membranes.” Leonard K. Bright, Christopher A. Baker, Mark T. Agasid, Lin 

Ma, Craig A. Aspinwall.  ACS App Mater Interfaces (2013), 5(22), 11918-26. 

 

Chapter 2 was submitted for publication in Analytical Chemistry as:   Mark T. Agasid, Troy 

J. Comi, S. Scott Saavedra, and Craig A. Aspinwall., Enhanced temporal resolution with ion 

channel-functionalized sensors using rapid conductance measurement. 

 

Chaper 3 is in preparation for publication as:  “Sub-millisecond Response Time with Ion 

Channel Biosensors:  A Membrane Conductance-Based Approach.”  Mark T. Agasid, S. 

Scott Saavedra, Craig A. Aspinwall.  Experiments with Kir6.2-functionalized BLMs need to 

be completed. 

 

Chapter 4 is in preparation for publication as:  “Expression, characterization, and purification 

of the ATP-sensitive, K
+
-channel, Kir6.2 from HEK293 cells.”  Mark T. Agasid, Xuemin 

Wang, Benjamin A. Heitz, S. Scott Saavedra, Craig A. Aspinwall.   

 

Chapter 5 is in preparation for publication as:  “Expression and characterization of two ion 

channel-coupled receptors in HEK293.”  Mark T. Agasid*, Leonard K. Bright*, Maria F. 

Mendoza, Vanessa R. Sousa, Femina Rauf, Michel Vivaudou, Christophe Moreau, S. Scott 

Saavedra, Craig A. Aspinwall.  * = Co-authorship.   Functional data on M2-Kir was taken by 

Leonard K. Bright 

 

A side project completed with Chris Fronzcek is in preparation for publication as:  

“Characterization of the diffusional properties of polymer-scaffold stabilized-black lipid 

membranes.”  Chris F. Fronzcek*, Mark T. Agasid*, Leonard K. Bright, Chris A. Baker, S. 

Scott Saavedra, Craig. A. Aspinwall.  * = Co-authorship.   
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