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Chapter 6  

 

Protein channel as a 

biomolecular switchable 

nanovalve, an introduction 

 
In this chapter the structure and function of the Mechanosensitive channel of Large 

conductance (MscL) is described, together with methods commonly used to study the 

performance of ion channels. MscL is a membrane embedded channel protein sensitive to 

the tension in the membrane. Its natural function is related to the osmoregulation of the cell. 

It regulates the flux of the solutes from the cell, functioning as a safety valve in the event of 

sudden turgor pressure build up in the cell interior. It has two basic states, the open and 

the closed state and thus can be seen as a biomolecular switch. The stimulus to open the 

channel is membrane tension which is difficult to control. The next two chapters will deal 

with modifications of this channel to change its opening stimulus to a change in pH or 

irradiation with light of specific wavelength thus changing it into a pH and light sensitive 

nanovalve. At the end of this chapter two methods used to study the function of the 

membrane channels are described briefly. The patch-clamp technique allows for the 

observation of the behaviour of single channels such as unitary conductance, sub-

conducting states and open- and closed-state statistics. The calcein efflux assay is used to 

study the efflux from the liposomes, thus allowing the averaged behaviour of an ensemble 

of channels to be observed.  
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6.1 Membrane channels 
 

Every cell is delimited by its boundaries in the form of a membrane. The membrane 

as a protective barrier shields the cell from the environment and secures high concentrations 

of metabolites inside
1
. Although this separation of the interior and exterior of the cell is 

beneficial it could be fatal also. A cell cannot survive and proliferate without interacting 

with its environment. The most obvious is the demand for nutrition as a source of energy 

and building material required for the cell’s growth and reproduction. The membrane thus 

contains devices responsible for the exchange of ions and molecules between the cell and 

its surrounding. As for most of the cell’s machinery, they are also based on proteins. Two 

modes of protein function that are involved in transport and mechanisms to allow 

permeability of the membrane can be distinguished; active and passive transport
2
. 

Active transport requires energy and is typical for membrane-bound pumps. The 

most prominent family of ion pumps are ATPases
3
 which use ATP as an energy source to 

create concentration gradients of certain ions, such as H
+
, Na

+
,  K

+
 or Ca

2+
. These gradients 

can be further used by secondary transporters
4
. The secondary transporters couple the 

thermodynamically unfavorable transport of one species to the thermodynamically 

favorable transport of a different species. They can transport a much broader range of 

compounds including sugars and amino acids   

Passive transport using concentration gradients is realized through channels 

embedded in the membrane
5
. Membrane channels are protein nanotubes with hydrophobic 

exterior interacting with the phospholipids bilayer and, usually, hydrophilic interior 

allowing the passage of ions and solutes. To maintain the benefits of the membrane, 

channels are most of the time closed and open only when their function is required and 

invoked. The stimulus to open the channel can be the presence of the specific compound, 

voltage across the membrane, heat or mechanical stress. Through the opening of the 

channel, this input is transduced into an output in the form of the flux of water, ions and 

even organic molecules. The result is the change of ion concentration, membrane potential 

or membrane tension. After fulfilling its function, the channels return back to their closed 

state. 

Considering these two basic functional states the membrane channels can be 

described as biomolecular switches. They are in the closed “off” state in the absence of 

opening stimuli and can be switched to the open “on” state as a result of a signal from its 

environment. In this process the signal also gets greatly amplified, as one signal molecule 

can cause transport of up to 10
7
 ions per second

2
. This mechanism is vital for many 

processes in organisms such as neuron excitation and information transfer or muscle 

contraction. 

Another property typical for the ion channels is the selectivity. Most channels 

contain a filter function that allows passage of only one or several types of ions while still 

being impenetrable to other ions. This is usually achieved by size selectivity and favourable 

complexation pattern due to appropriately placed amino acid side chains. This is crucial for 

the ability of the cell to balance the amounts of particular ions in the cytoplasm and its 

environment. 

As already mentioned, there are various stimuli that allow for opening of the 

channel. Ligand-gated channels open in the response to binding a specific ligand such as 

acetylcholine or glutamate to a recognition site
6
. These channels are often targeted by 
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pharmacotherapy to alter the function of the cell. Another important group are the voltage-

gated channels sensitive to the electrical potential across the membrane
7

. They are 

responsible for the generation of the action potential and information transport through the 

neurons. The third important family of ion channels are the mechanosensitive channels 

responsible to mechanical force, typically a membrane tension
8
. These channels are usually 

nonselective and are involved in osmoregulation. 

In this chapter the structure and functioning of mechanosensitive channel proteins 

(the subject of the next chapters) and the methodologies to study these protein functions are 

discussed. 

 

6.2 Mechanosensitive channels 

6.2.1 Introduction 
Mechanosensation and mechanotransduction, the ability to detect mechanical force 

and transduct it into an electrical or chemical signal, are properties shared among almost all 

living organisms. They are at the basis of touch, hearing, proprioception and 

osmoregulation, as well as detection of wind and gravity by plants. Since their discovery by 

patch-clamp experiments
9
, mechanosensitive channels have been hypothesized to play a 

major role in these processes. These channels are activated by a membrane tension and can 

be found nearly everywhere, in animals, plants, fungi and bacteria
8
. 

Despite the large diversity and nearly omnipresence of mechanosensitive channels, 

relatively little is known about their structure, mechanism of gating and roles in physiology. 

The best studied examples are the Mechanosensitive channel of large conductance (MscL) 

and Mechanosensitive channel of small conductance (MscS) from Escherichia coli
10

, 

named for their large (3.2 nS) and small (~1 nS) conductance, respectively. They were first 

observed by Martinac et al. in 1987 using the patch clamp technique on a giant spheroplast 

from E. coli
11

. In 1993 Shukarev et al. identified two types of mechanosensitive channels in 

E. coli
12

 and a year later isolated and cloned a gene of one of them
13

; one related to the 

MscL protein. The fact that the MscL retained the ion conductance and mechanosensitivity 

after isolation, purification and reconstitution into liposomes was the final proof that a 

change in membrane tension is a sufficient stimulus to gate the channel.  

 

6.2.2 Function 
The idea of mechanically gated ion channels is much older than their discovery. It 

was first proposed in the 1950s based on the studies of specialized mechanosensory 

neurons
14

 that convert mechanical force exerted on the cell membrane into electrical signals. 

Although the function of mechanosensitive channels in the pressure responsive cells such 

as auditory cells, stretch receptors, vascular endothelium and other neurosensory tissue 

seems justified, the purpose for their occurrence in non-excitable cells such as blood cells 

and cells of endothelial tissue was unclear. After the discovery of mechanosensitive 

channels in bacteria
11

, it was suggested that they may play a role in volume regulation and 

electrolyte homeostasis, functions common and necessary to all the cells. Their function in 

osmoregulation was confirmed by gene disruption experiments. It was shown that either 
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MscL or MscS channels can rescue bacteria from a strong osmotic downshock but for the 

double knockout mutant (i.e. with the genes for both channels disabled) such a shock is 

lethal
15

. 

The ability to adjust the osmolarity of the cytoplasm is vital for the survival of the 

cell. In an environment of higher osmolarity, systems that transport solutes into the cell are 

activated to prevent the loss of water into the surroundings. However, these conditions can 

be tolerated for a relatively long time without causing serious damage to the cell. On the 

other hand hypoosmotic shock causes overhydration and swelling of the cell to the point of 

lysis and, inevitably, death. The ability of bacteria to eject osmolites under these conditions 

has been known since the 1960s but remained unexplained
16

 until the discovery of 

mechanosentive channels. To prevent bursting, the cell membrane accommodates safety 

valves represented by the mechanosensitive channels which in case of osmotic downshock 

open and release some solutes to lower the osmotic pressure inside the cell. To work 

effectively the activation mechanism is based on change in membrane tension connected 

with an increase in turgor.  

In the case of E. coli containing several different mechanosensitive channels, the 

membrane tension for their opening differs. As the tension increases, the MscM opens first 

then the MscS is activated and the MscL opens just before membrane lysis occurs creating 

a 3 nm (30 Å) wide nonselective pore and jettisoning not only ions but any small solutes in 

order to prevent rupture of the membrane
10

. 

 

6.2.3 Structure 
To gain insight into the process of mechanosensation, knowledge of the channel 

structure is essential. Sequence analysis and biochemical studies indicated that the MscL 

channel of E coli is a homo-oligomer with the monomer mass of approximately 15 kD 

containing 136 α-amino acids. Based on cross-linking studies and electron microscopy a 

hexameric structure was expected
17

. 

The breakthrough came with the successful crystallization and X-ray structural 

analysis of its homolog from Mycobacterium tuberculosis (Tb-MscL) with a resolution of 

3.5 Å
18

. This achievement required screening and refining of approximately 24000 

crystallization conditions using nine MscL homologs from different sources and about 20 

detergents. The crystal structure (Figure 6.1) reveals that the channel is organized as a 

homopentamer. Each of the identical subunits comprises of two transmembrane helices 

(designated TM1 and TM2) connected by an extracellular (periplasmic) loop. A re-

examination of cross-linking experiments also supported a pentameric model compatible 

with the crystal structure
19

. The TM1 helices in the core of the transmembrane bundle make 

up the main gate of the channel. They contain mostly hydrophobic residues that permit tight 

packing and formation of the narrow hydrophobic constriction site, predicted to be fully 

dehydrated in the closed state
20

. The interior of the channel is funnel shaped with no classic 

ionic filter present explaining the lack of selectivity. The hydrophobic TM2 helices on the 

periphery face the lipid environment. Both NH2 and COOH termini are located in the 

cytoplasm. Because the TM1 helices of the Tb-MscL constrict to an opening of only ~2 Å, 

the X-ray structure is probably showing the closed or mostly closed conformation. 

Although the Tb-MscL is the most suitable substrate for crystallographic analysis, it 

requires about two times higher tension to open
21

 than the homologue from E. coli, which 

makes it difficult to study its functional properties. 
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Figure 6.1 The structure of MscL isolated from Mycobacterium tuberculosis revealed by 

X-ray structural analysis at 3.5 Å resolution
18

 (side view on the left, top view on the right). 

The channel is most probably in the conformation typical for the closed state. 

6.2.4 Mechanism of gating 
 

Despite many studies trying to reveal the mechanism responsible for opening of 

the MscL channel, even the main pathway for this change is still under discussion. It is 

known that the channel forms, upon activation, a large pore about 30 Å in diameter. This 

pore is non-selective and allows for a conductance of 3 nS. The energy necessary for this 

transition is partially acquired by an increase in the dimensions in the plane of the 

membrane (after opening the channel occupies a 6 nm
2
 larger area)

22
. Other contribution to 

the energy could arise from the hydrophobic mismatch that appears when the membrane is 

stretched thinner than the channel
23

. It was also shown that there are five subconducting 

states contributing to the conductance of the channel and the tension sensitive transition is 

only between the closed form and the first subconducting state
22

.  

There are two hypothetical pathways for channel opening in E. coli MscL. In the 

first scenario, the TM1 helices move out from the centre, tilt to the orientation almost 

parallel with the TM2 helices and all ten of them create a wall with a barrel-like structure
24

. 

This model is called “10-helix barrel-stave”. The second model called “5-tilted helix pore” 

assumes that the tilts of the helices increase as they move away from the centre of the 

channel. Although there is no conclusive evidence in favour of one or other of these models, 

the “5-tilted helix pore” model fits the experimental data better
25

, in particular the high 

conductivity which could not be explained by the smaller pore of the “10-helix barrel-

stave” model. 

Because structural information about the open conformation of the MscL is not 

available, molecular modelling
17

 and molecular dynamics simulations
20,26

 were performed 
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in order to simulate the whole process of channel opening, the subconducting states and the 

fully opened state. These models are based on the “5-tilted helix pore” model (Figure 6.2). 

 

Figure 6.2 Opening of the MscL based on molecular dynamics calculations. From left to 

right  – closed form, half-open form and fully opened form. 

According to current understanding
8d,27

, the channel opening starts by tilting of the 

transmembrane helices, due to the tension of the membrane, resulting in iris-like expansion 

and flattening. The pore becomes more hydrophilic, water enters inside and eventually 

opens the hydrophobic gate created by the TM1 helices. The channel reaches the short lived 

intermediate with low conduction, because the secondary gate, formed by the short helices 

at the N-terminus of the protein (S1 helices), remains closed. As the channel expands 

further, the S1 helices that are connected to the TM1 helices are also pulled apart and the 

channel opens completely and reaches the state of full conductance. 

 

6.2.5 Structure-activity relationship 
 

The most widely used method to study the function of the channel is mutation of 

one or several residues and exploring the changes this causes in channel behaviour. This 

site-directed and random mutagenesis allowed for the isolation and analysis of mutants that 
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exhibit gain-of-function (GOF) or loss-of-function (LOF) phenotypes
28

, which means MscL 

gating at lower or no tension at all (the GOF mutants) and gating at higher tension or 

complete lack of gating (the LOF mutants). In the random mutagenesis study
28c

 the GOF 

mutants were isolated and it was shown that 14 of the 18 single site mutations are situated 

in the cytoplasmic region of TM1. The most severe mutations were substitutions of valine 

or three glycine residues positioned on the same face of the TM1 helix. After identification 

of the sensitive positions, site-directed mutagenesis was performed on one of them. The 

glycine at the 22
nd

 position (G22) was replaced with all 19 other common α-amino acids
24

. 

It was found that the function of the GOF phenotype did not correlate with the size, but 

with the hydrophilicity of the residue. Projection of these mutations on the known structure 

of Tb-Mscl shows that they are in the hydrophobic constriction region that serves as a gate. 

These studies suggest that the destabilization of the hydrophobic interactions by 

incorporation of a hydrophilic residue allows the channel to gate more easily, leading to the 

observed GOF phenotype. The next study supporting this hypothesis was based on 

chemical charging of the constriction pore
29

. The mutation of the glycine at the 22
nd

 

position (G22) into cysteine, resulting in the G22C phenotype, allowed chemical binding of 

several commercially available compounds to the cysteine thiol group. In agreement with 

the mutagenesis studies it was demonstrated that the charged compounds bearing positive 

or negative charged functional groups (NR4
+
, SO3

-
) cause the channel to gate 

spontaneously
29

. On the other hand a modified channel protein containing a polar but not 

charged group (OH) lowered the threshold for tension to half, and proteins bearing only a 

hydrophobic group (CH3) even increased the threshold. 

These results were taken as a starting point for our effort to design the protein 

binding compounds that would charge, and subsequently open, the MscL channel on 

demand, in response to internal or external stimuli. 

Another approach to controling channel gating is to command the tension of the 

membrane in which the channel resides. This approach was successfully demonstrated 

using phospholipids containing photochromic azobenzene groups
30

. 

6.3 Patch-clamp technique 
 

Reconstitution of the modified proteins in membrane vesicles and lipid bilayers and 

study of channel function by patch-clamp technique is the most widely used methodology 

to gain information on modified channels. The patch clamping technique is, due to its high 

spatial and temporal resolution, considered the gold standard in ion channel studies. It was 

first described in 1976 to resolve currents through acetylcholine-activated channels
31

 and 

after detailed description
32

 and refinements
33

 in the late 1970s and 1980s became the most 

used method in the field of channel research. The inventors of this highly valuable method 

Erwin Neher and Bert Sakmann received in 1991 the Nobel Prize for medicine for their 

achievements.  

Patch clamping is a highly flexible technique that can be performed in the whole-

cell configuration or with membrane vesicles and reconstituted lipid bilayers. This 

technology provides high quality data for ion-channel function at the single cell or even 

single channel level. Single-channel patch-clamp experiments allows event-based 

measurements such as unitary conductance, sub-conducting states, open and closed 

statistics, bursting behaviour and so on. The resolution is excellent permitting to resolve 

ionic currents in the pico-ampere range on the time scale of micro-seconds. No other 
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existing technique can provide such a direct, precise and detailed measurement of the 

channel activity down to the single-molecule level
34

. The commercial use of patch clamp in 

drug discovery and safety testing is so intensive that new variants capable of high 

throughput screening are highly desirable
35

. 

The principle of the method
36

 is to measure current flowing through a patch of 

membrane electrically isolated from the surrounding solution. Experimentally this is done 

by pressing a glass micropipette with a diameter in the submicrometer range against a 

surface of a cell or a liposome and applying a light suction. The whole process is done 

under a microscope to control the approach of the pipette. A seal created in this way has 

electrical resistance in a GΩ range, called a gigaseal, and the distance between the pipette 

and the membrane is less than 1 nm (Figure 6.3). The high seal resistance ensures the 

complete electric isolation of the membrane patch and thus reduces the current noise 

permitting good resolution of single channel currents down to 1 pA. Opening of the channel 

located in the patch is subsequently observed as an increase in a current flowing through a 

patch. 

 

Figure 6.3 The patch clamp technique. (a) scheme of the experimental setup, (b) picture of 

the patch being created from the liposome. 

The first measurements were performed on whole cells, in so called cell-attached 

mode. This method is still used today, but the most frequently applied mode is now cell-

free. This can be achieved in either of two ways. By pulling the patch off the cell after 

creation of the gigaseal the inside-out patch
37

 is obtained. The outside-out patch
38

 is made 

by destroying the patch isolated by the pipette using suction and then pulling the pipette 

away from the cell until the membrane reseals. The advantage of the cell-free method is an 

easy control of the ionic concentrations, and environment in general, around the patch 

compared to unknown, and difficult to influence, conditions inside the cell. 

The study of mechanosensitive channels by the patch clamp technique is, however, 

quite challenging because of the channel activation mode. To open the channel, which is 

sensitive to the tension of the membrane, the curvature of the membrane must be changed. 

This is achieved by applying suction through the pipette. Increased suction increases the 
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curvature leading to the buildup of the tension in the membrane and gating of the channel. 

At the same time the pressure difference destabilizes the seal and at certain value leads to 

the loss of the patch. 

6.4 Calcein efflux assay 
 

Flux assays are used to study influx and efflux of chemicals through the membranes 

using whole cells. These methods are typically used to study the activation and deactivation 

of ion channels. Radioactive nuclides of particular ions are used to track the change in the 

ion concentration. 
22

Na is used to study the sodium ion channels
39

, while 
42

K or 
86

Rb are 

used to study potassium channels
40

.  

Unlike the ion channels, the MscL pore, in the open state, is wide enough to allow 

the passage of molecules of considerable size. Therefore in the efflux assay a fluorescent 

dye, which is more convenient than a radioisotope, was used. Calcein is a fluorescein 

derivative (2’,7’-bis(N,N-bis(carboxymethyl)aminomethylene)fluorescein) (Figure 6.4) 

with an excitation wavelength of 490 nm and an emission wavelength of 515 nm. The most 

important property of this dye is its self-quenching capability at the concentrations above 

10 mM. Thus liposomes containing high concentration of calcein show only weak 

fluorescence, whereas upon the release of the calcein the fluorescence intensity increases 

dramatically. 

 

O

O

O

HO OH

NNHOOC

HOOC

COOH

COOH

 

Figure 6.4 Structure of the self-quenching fluorescent dye calcein 

In a typical experiment, calcein is added to the buffer during the membrane 

reconstitution of the protein. The resulting liposomes with the MscL in the membrane 

contain high concentration of calcein in the interior and their fluorescence is only marginal. 

If during the experiments one succeeds in opening the channel, an increase of the 

fluorescence is expected due to release of calcein
41

. The advantage of this method is also 

that it resembles the potential application of such liposomes in drug delivery and targeted 

release. 

 

6.5 The aim – altering the opening trigger mechanism 
 

MscL is considered a key candidate for the construction of nanodevices, in 

particular an addressable nanovalve. Unlike most of the ion channels its pore in the open 

form is wide enough to allow passage of a range of organic molecules or even biomolecules. 

Its structure is described, allowing the rational approach to its modifications for the desired 

purpose and site directed mutations have been achieved. 
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The main drawback of this channel is the trigger mechanism responsible for the 

switching between the open and the closed form. The tension in the membrane is extremely 

difficult to control and attempts to do so often result in membrane disruption. To address 

this point, we decided to modify the channel. The stimulus for the opening of the channel is 

the change in membrane tension in the natural system. In the hybrid systems we incorporate 

either an internal trigger – functional groups that responds to a change in pH, or an external 

trigger – a light activated molecular switch. These modified channels and their function as 

nanovalves are described in chapters 7 and 8. 

6.6 References 

                                                 
1
 (a) De Weer, P. Annu. Rev. Physiol. 2000, 62, 919-926. (b) Gennis, R. B. Biomembranes: 

Molecular Structure and Function, Springer Verlag, 1988. 
2
 Stein, W. D. Channels, Carriers, and Pumps: An Introduction to Membrane Transport; 

Academic Press: San Diego, 1990. 
3
 (a) Auer, M.; Scarborough, G. A.; Kuhlbrandt, W. Nature 1998, 392, 840-843. (b) 

Toyoshima, C.; Nakasako, M.; Nomura, H.; Ogawa, H. Nature 2000, 405, 647-655. 
4
 (a) Pao, S. S.; Paulsen, I. T.; Saier Jr., M. H. Microbiol. Mol. Biol. Rev. 1998, 62, 1-34. (b) 

Philipson, K. D.; Nicoll, D. A. Annu. Rev. Physiol. 2000, 62, 111-133. 
5
 (a) Hille, B. Ion Channels of Excitable Membranes, 3rd ed.; Sinauer Associates: 

Sunderland, MA, 2001. (b) Ashcroft, F. M. Ion Channels and Disease; Academic Press: 

San Diego, 1999. (c) Aidley, D. J.; Stanfield, P. R. Ion Channels: Molecules in Action; 

Cambridge University Press, 1996. 
6
 (a) Kunishima, N.; Shimada, Y.; Tsuji, Y.; Sato, T.; Yamamoto, M.; Kumasaka, T.; 

Nakanishi, S.; Jingami, H.; Morikawa, K. Nature 2000, 407, 971-977. (b) Unwin, N. 

Nature 1995, 373, 37-43. 
7
 Bezanilla, F. Physiol. Rev 2000, 80, 555-592. (b) Horn, R. Biochemistry 2000, 39, 15653-

15658. (c) Perozo, E.; Cortes, D. M.; Cuello, L. G. Science 1999, 285, 73-78.  
8
 For the reviews, see (a) Morris, C. E. J. Membrane Biol. 1990, 113, 93-107. (b) Sackin, H. 

Annu. Rev. Physiol. 1995, 57, 333-353. (c) Martinac, B. J. Cell Sci. 2004, 117, 2449-2460. 

(d) Sukharev, S.; Anishkin, A. Trends Neurosci. 2004, 27, 345-351. 
9
 (a) Guharay, F.; Sachs, F. J. Physiol. 1984, 352, 685-701. (b) Brehm, P.; Kullberg, R.; 

Moody-Corbett, F. J. Physiol. 1984, 350, 631-648. 
10

 For the reviews, see (a) Sukharev, S. I.; Blount, P.; Martinac, B.; Kung, C. Annu. Rev. 

Physiol. 1997, 59, 633-657. (b) Poolman, B.; Blount, P.; Folgering, J. H. A.; Friesen, R. H. 

E.; Moe, P. C.; van der Heide, T. Mol. Microbiol. 2002, 44, 889-902 (c) Pivetti, C. D.; Yen, 

M.-R.; Miller, S.; Busch, W.; Tseng, Y.-H.; Booth, I. R.; Saier Jr., M. H. Microbiol. Mol. 

Biol. Rev. 2003, 67, 66-85 
11

 Martinac, B.; Buechner, M.; Delcour, A. H.; Adler, J.; Kung, C. Proc. Natl. Acad. Sci. 

USA 1987, 84, 2297-2301. 
12

 Sukharev, S. I.; Martinac, B.; Arshavsky, V. Y.; Kung, C. Biophys. J. 1993, 65, 177-183. 
13

 Sukharev, S. I.; Blount, P.; Martinac, B.; Blattner, F. R.; Kung, C. Nature 1994, 368, 

265-268. 
14

 (a) Katz, B. J. Physiol. 1950, 111, 261-282, (b) Loewenstein, W. R. Ann. NY Acad. Sci. 

1959, 81, 367-387. 
15

 Levina, N.; Tötemeyer, S.; Stokes, N. R.; Louis, P.; Jones, M. A.; Booth, I. R. EMBO J. 

1999, 18, 1730-1737. 



Protein channel as a biomolecular switchable nanovalve, introduction 

 135 

                                                                                                                            
16

 Britten, R. J.; McClure, F.T. Bacteriol. Rev. 1962, 26, 292-335. 
17

 (a) Blount, P.; Sukharev, S. I.; Moe, P. C.; Schroeder, M. J.; Guy, H. R.; Kung, C. EMBO 

J. 1996, 15, 4798-4805. (b) Häse, C. C.; Minchin, R. F.; Kloda, A.; Martinac, B. Biochem. 

Biophys. Res. Commun. 1997, 232, 777-782. (c) Saint, N.; Lacapère, J. –J.; Gu, L.-Q.; 

Ghazi, A.; Martinac, B.; Rigaud, J. -L. J. Biol. Chem. 1998, 273, 14667-14670. 
18

 Chang, G.; Spencer, R. H.; Lee, A. T.; Barclay, M. T.; Rees, D. C. Science 1998, 282, 

2220-2226. 
19

 Sukharev, S.; Schroeder, M. J.; McCaslin, D. R. Biophys. J. 1999, 76, A138. 
20

 Gullingsrud, J.; Schulten, K. Biophys. J. 2003, 85, 2087-2099. 
21

 Moe, P. C.; Levin, G.; Blount, P. J. Biol. Chem. 2000, 275, 31121-21127. 
22

 Sukharev, S. I.; Sigurdson, W. J.; Kung, C.; Sachs, F. J. Gen. Physiol, 1999, 113, 525-

539. 
23

 Goulian, M.; Mesquita, O. N.; Fygenson, D. K.; Nielsen, C.; Andersen, O. S.; Libshaber, 

A. Biophys. J. 1998, 74, 328-337. 
24

 Yoshimura, K.; Batiza, A.; Schroeder, M.; Blount, P.; Kung, C. Biophys. J. 1999, 77, 

1960-1972. 
25

 Sukharev, S.; Durell, S. R.; Guy, H. R. Biophys. J. 2001, 81, 917-936. 
26

 Gullingsrud, J.; Kosztin, D.; Schulten, K. Biophys. J. 2001, 80, 2074-2081. 
27

 Betanzos, M.; Chiang, C. –S.; Guy, H. R.; Sukharev, S. Nat. Struct. Biol. 2002, 9, 704-

710. 
28

 (a) Blount, P.; Sukharev, S. I.; Schroeder, M. J.; Nagle, S. K.; Kung, C. Proc. Natl. Acad. 

Sci. USA 1996, 93, 11652-11657. (b) Blount, P.; Schroeder, M. J.; Kung, C. J. Biol. Chem. 

1997, 272, 32150-32157. (c) Ou, X.; Blount, P.; Hoffman, R. J.; Kung, C. Proc. Natl. Acad. 

Sci. USA 1998, 95, 11471-11475. (d) Maurer, J. A.; Elmore, D. E; Lester, H. A; Dougherty, 

D. A J. Biol. Chem. 2000, 275, 22238-22244. (e) Kumánovics, A.; Levin, G.; Blount, P. 

FASEB J. 2002, 16, 1623-1629. (f) Maurer, J. A.; Dougherty, D. A. J. Biol. Chem. 2003, 

278, 21076-21082. (g) Levin, G.; Blount, P. Biophys. J. 2004, 86, 2862-2870. (h) 

Yoshimura, K.; Nomura, T.; Sokabe, M. Biophys. J. 2004, 86, 2113-2120. 
29

 Yoshimura, K.; Batiza, A.; Kung, C. Biophys. J. 2001, 80, 2198-2206. 
30

 Folgering; J. H. A.; Kuiper, J. M.; de Vries, A. H.; Engberts, J. B. F. N.; Poolman, B. 

Langmuir 2004, 20, 6985-6987. 
31

 Neher, E.; Sakmann, B. Nature 1976, 260, 799-802. 
32

 Neher, E.; Sakmann, B.; Steinbach, J. H. Pflügers Arch. 1978, 375, 219-228. 
33

 Hamill, O. P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F. J. Pflügers Arch. 1981, 

391, 85-100. 
34

 Xu, J.; Wang, X.; Ensign, B.; Li, M.; Wu, L.; Guia, A.; Xu, J. Drug Discov. Today 2001, 

6, 1278-1287 
35

 Wood, C.; Williams, C.; Waldron, G. J. Drug Discov. Today 2004, 9, 434-441. 
36

 Ogden, D., Stanfield, P. In Microelectrode Techniques, The Plymouth Workshop 

Handbook; Ogden, D. C., Ed.; Company of Biologists: Cambridge, UK, 1994; pp. 53-78. 
37

 (a) Marty, A. Nature 1981, 291, 497-500. (b) Barrett, J. N.; Magleby, K. L.; Pallotta, B. 

S. J. Physiol., 1981, 331, 211-230. (c) Colquhoun, D.; Neher, E.; Reuter, H.; Stevens, C. F. 

Nature 1981, 294, 752-754. (d) Shuster, M. J.; Camardo, J. S.;Siegelbaum, S. A.; Kandel, 

E. R. Nature 1985, 313, 392-395. (e) Noma, A. Nature 1983, 305, 147-148. (f) Spruce, A. 

S.; Standen, N. B.; Stanfield, P. R. Nature 1985, 316, 736-738. 



Chapter 6  

 136 

                                                                                                                            
38

 (a) Hamill, O. P.; Bormann, J.; Sakmann, B. Nature 1983, 305, 805-808. (b) Gardner, P.; 

Ogden, D. C.; Colquhoun, D. Nature 1984, 309, 160-162 (c) Nowak, L.; Bregestovski, P.; 

Ascher, P.; Herbet, A.; Prochiantz, A. Nature 1984, 307, 462-465. (d) Cull-Candy, S. G.; 

Miledi, R.; Parker, I. J. Physiol., 1981, 321, 195-210. 
39

 Denyer, J.; Worley, J.; Cox, B.; Allenby, G.; Banks, M. Drug. Discov. Today 1988, 3, 

323-332. 
40

 Hu, W.; Toral, J.; Cervoni, P.; Ziai, R. M.; Sokol, P. T. J. Pharmacol. Toxicol. Methods, 

1995, 34, 1-7. 
41

 Koçer, A.; Walko, M.; Feringa, B. L. Nat. Protoc. 2007, 2, 1426-1437. 




