Revision of Cooperative Agreement F30602-01-2-0584, Ionic Channels as Natural Nanodevices

Lead Organization: Rush Presbyterian St. Luke’s Med. Ctr. Type of Business: Other Nonprofit 

Contractor Reference Number F30602-01-2-0584
Other Team Members

Arizona State University Type of Business: Other Nonprofit
Illinois Institute of Technology Type of Business: Other Nonprofit
Molecular Biophysics Type of Business: Illinois Corporation

Goal: SimBioSys

“The development and demonstration of advanced computational modeling and simulation tools consisting of scaling rules and phenomenological relationships for the analysis and design of high performance bio-molecular microsystems.” 

[From BAA 01-07, Section 1]

	Technical Point of Contact
	Administrative Contact

	Bob Eisenberg, Ph.D.: beisenbe@rush.edu
	Donna Knuth Donna_Knuth@rush.edu

	Bard Prof. & Chairman
	Office of Research Affairs

	Voice: 312 942 6467; Fax: 312 942 8711
	Voice: 312-942-5498

	Dept. of Molecular Biophysics
	

	Rush-Presbyterian-St.Luke’s Medical Center

	1653 W. Congress Parkway Chicago IL 60612


Total Funds Requested: $500,000 

Time Period: Dec. 13, 2003 through Dec 31, 2004
Prepared: 23-Dec-03
Rationale of Revision
This revision will continue the transition from the development of tools to the use of those tools to make novel interfaces to ionic channels. The revision will support work on unavoidable issues that are keystones to practical applications. The revision will identify and “show stoppers” by identifying, analyzing, measuring, and trying to resolve key rate limiting issues.
We focus on two key issues that will limit any interface to channels. These issues are unavoidable because they arise from the inherent physics of proteins, membranes, and interfaces to ionic solutions:
· Maintenance of stable potentials across channels 

· Recording of stable, artifact-free current through them.

The next page describes the scientific basis for this claim and was written by Marco Saraniti and Bob Eisenberg.

Scientific Basis of Rationale
Ion-channels are proteins embedded in the lipid membrane of biological cells. Because of their structural characteristics, ion channels are responsible of regulating the flux of ionic charge across the cellular membrane. For instance, the generation and transmission of potentials in nerves and muscles, as well as the release of hormone from endocrine cells, are believed to be mechanism governed by ion transport through these protein “gates”. Furthermore, from an engineering viewpoint, ion channels will be a key component of a new generation of biosensors that integrate the selectivity and extreme sensitivity of ion channels with the processing capabilities of modern microelectronics.

This work aims to the integration of natural ion channels and artificial microelectronic components in hybrid bio-devices that couple some of the best aspects of the two worlds. Indeed, ion channels are a prime candidate for biosensors because their extreme sensibility, sensitivity, and large signal-to-noise response. However, the use of biomolecules as practical sensors requires robust and reliable performance, in particular, the properties of ion channels can be exploited in artificial devices only if their natural environment is adequately reproduced, meaning that ion-channels can be profitably used when embedded in cell membranes that provide the correct electrical environment.
Ion channels operate by using atomic events to control (i.e., ‘gate’) flows between macroscopic reservoirs of ions, that act as batteries. The macroscopic reservoirs maintain (reasonably) constant concentration and electrical potential, and thus constant electrochemical potential. If the channel is small enough, a gate that responds to atomic events can control the extremely small flux through the channel. Such control capability can be used in man-made devices only if the resulting currents are reproducible and large compared to confounding background currents (flowing in parallel to the channel), and confounding potentials (in series with the channel). 
Biological systems ensure the reproducibility of channel currents by going to exquisite lengths to maintain the proper electrical and chemical environment. Confounding parallel currents are kept tiny (< 0.1 pA) and the electrical potential across and in series with channels is maintained constant and noise free (i.e., noise less than 50 (V including ‘dc’ components of drift). In this way, the tiny currents through channels are maintained at strictly reproducible values uncontaminated by (variable) artifacts from systems in series or parallel.
The consequences of an uncontrolled potential across the channel are particularly serious, and so variations in parallel currents (that can change this potential profoundly albeit indirectly) and variation in series potential must be reduced to essentially zero. If the potential changes 50 mV or thereabouts, for a second or so, most channels go into inactive states, from which they can be reactivated only with difficulty, if at all. If the potential varies much more than that for much longer than that, most channels enter inactivate profoundly and some “die”, i.e., presumably denature. If the potential reaches 200 mV or so, even for ~1 msec, the channel and membrane develop irreversible leaks and can no longer be returned to their useful native state. This sensitivity to voltage is not unexpected given the small size of the channel protein and the consequent enormous electric fields. This sensitivity is not unexpected in such a sensitive device. 
Channels in biological systems are embedded in high resistance lipid membranes that reduce to negligible values the current flowing through parasitic conduction paths in parallel to the channels. The membranes that surround channels are remarkably impermeable to ions, although they are little more than soap films: the conductance of lipid membranes is typically measured in G( even though they are ~2 nm thick and are embedded in highly conductive ionic solutions! (Many solid-state insulators of our technology have resistances of ~100 M( distributed on similar length.). 
Also, as a natural consequence of their ionic environment, biologic systems keep small and constant the potential in series with channels. These homeostatic systems are of great importance to the viability of cells. A substantial fraction of the physiology of cells (and organisms) is devoted to maintaining a constant environment, as reference to any textbook of physiology or cell biology will show, and the proximal cause of death is usually the failure to maintain that environment. (Thus, physicians often study and know the physiological processes of homeostasis at least as well as physiologists and bioengineers.)

To summarize our view, the central issue in making a device out of ion channels is the creation of an environment that allows channel currents to be reproducibly large compared to parasitic background currents flowing in parallel with the channel, and the elimination of confounding potentials in series with the channel.

Interdisciplinary Approach

The approach is necessarily interdisciplinary and inter-institutional because making ion channels into devices requires 
· Understanding how to build a tiny experimental chamber that can be replicated to make arrays of addressable devices and can record stable currents free of artifact through individual ion channels.

· Understanding the electronics in recording picoamp currents from gigohm resistance devices in the presence of stray capacitances of picofarads. 

· Understanding experimental difficulties in handling lipid bilayers, proteins, and the electrochemical cells used to record from proteins in bilayers.

· Understanding the biology and technology of proteins that form them. Both biochemical and biophysical approaches are absolutely necessary, using the highly developed armamentarium of molecular biology and electro-physiology. As adept as the engineering community is, it cannot reinvent the armamentarium of tens of thousands of biologists working for 50 years by ignoring it. Indeed, if engineers do not identify the key physical, chemical, and technological limitations on manipulating and studying channels, engineers and DARPA will fail to be able to use channels as devices. 
· Understanding relevant physical chemistry of ions in channels and solution. These ions are the carriers of electric current that make channels proteins into ionic devices. The special properties of ions and their interface with electrons are key issues in the practical use of ion channels. Cost sharing funds will be used to bring in additional expertise from wherever necessary (that may involve substantial out reach to other communities, intellectually and geographically and thus may require substantial administrative and intellectual flexibility and some cost).
· Learning to understand the gating processes that open channels. The opportunities for DARPA are enormous if we learn to control gating. If gating processes can be harnessed, sensitivities to single molecules can be manipulated and exploited. Currents change tens of picoamps in response to binding events of one or two molecules in many ion channels. The opportunity is to build devices using this sensitivity; the challenge is to understand natural biological gating well enough that we can replicate and improve it, manipulating and exploiting it for our use.

Our present knowledge of gating is too limited to even begin a program in this direction: here we propose a somewhat speculative ‘flyer’ in which we pursue an insight developed from our studies of ion movement in already open channels. We have noticed exquisite sensitivity in open properties and find that that sensitivity is characteristic of unstable open states. The mathematics of the open state automatically gives such sensitivity and concomitant gating properties, as a consequence of its instability. We propose to see if the gating found in the mathematics has properties similar to the gating of real channels.

Inter-institutional Relationships

Expertise in these many disciplines is not found in one institution. Integration of such disparate disciplines requires close intellectual and emotional interaction to overcome the barriers at boundaries between disciplines. Success depends on previously existing interactions and friendships particularly if it is to be achieved on the DARPA timescale.

Thus, work is proposed at different institutions strong in each of the required disciplines between investigators with established personal and working relationships. In that way the inevitable frustrations of the science and administration of the project will be dissolved by the smiles, friendship, and laughter of many years.

The work will be co-coordinated by Bob Eisenberg, working from Rush Medical Center, and from his company Molecular Biophysics. Rush Medical Center provides the fundamental framework. Molecular Biophysics provides time for Dr. Eisenberg, on weekends and off work hours. 

Understanding and building a tiny experimental chamber. Understanding what needs to be built will be the role of IIT and Rush. Building the device will be Arizona State University. Measuring the device will be the role of Rush. In later years, ASU will learn to do the measurements.

Understanding the Electronics will be done at IIT, Rush, and ASU. 

Understanding the Experimental Difficulties will be done at Rush.

Understanding of the Physical Chemistry will be done at IIT, Rush, and Molecular Biophysics. Cost sharing funds will be used to bring in additional expertise from wherever necessary, which may be other continents.

Understanding the biology and technology of proteins will be done at Rush and Molecular Biophysics. Rush will take the lead in handling the specific properties of ion channels in membranes. Molecular Biophysics will take the lead in handling the biochemical properties of ion channels as proteins.

Goal 1: Novel Interfaces to Channels

To build a device containing ion channels that are sensitive, strong, and reliable.
Specifically, we will embed channels in a membrane device that maintains stable potential across them and allows recording of stable, artifact free current through them.
Milestones
1) Construct a fully integrated ion channel sensor, containing planar AgCl reversible electrodes on both sides of the bilayer (Performed at ASU)

2) Demonstrate recording of single channels “on the chip” using the integrated structure . (Performed first at Rush and then at ASU.)
3) Characterize the stability of both the reversible electrodes and the membrane as a function of environmental insults. (Performed first at Rush and then at ASU.)
4) Integrate the sealing ring technology to allow control and improvement of gigaseal formation and stability. (ASU)
5) Replace the lipid bilayer with PTFE polymer coatings using our (nearly) unique capability to meld PTFE and silicon technology with good gigaseals and DC stability in an integrated silicon environment. (ASU)
6) Demonstrate channel formation in a PTFE device integrated with sealing ring, reversible electrodes, and silicon technology. (Performed first at Rush and then at ASU.)
PTFE promises to solve the fragility problem of bilayers. The gigaseal and DC stability issues remain and
 MUST BE SOLVED IN AN INTEGRATED SILICON ENVIRONMENT.
We will do that in Phase II.
Challenge
1) To be sure that the electrodes which connect the solution to the silicon/electronic world have a low impedance and maintaining stable dc potentials (variation < 1 mV, preferably less than 10 μV) in all devices.
2) To be sure that the parasitic conductive paths in parallel with the channels have a stable resistance measured in G(, by creating a highly resistive sealing of the membrane to its support (gigaseal) in all devices.
3) To ensure proper channel insertion in all devices particularly PTFE without damage or artifact.
How will we meet the challenge?
1) Use a sealing ring with applied electric field to squeeze out defects in the seal. Details are found in IIT and ASU subcontracts.

2) Use novel fabrication methods to apply AgAgCl layer. Use null method feedback to force polarizable electrode to be at the potential of the reversible electrode.

3) Manipulate osmolarity and osmotic gradients, pH, and divalent ion concentrations.
Goal 2: Evaluation of Pathogen Simulants
Electrical signals of simulants of pathogens will be detected and optimized as the simulants bind and transiently block conduction of ions through ompF porin. Specific signatures (i.e., time course of blocking and spectrum of open channel noise) will be sought that allow use of powerful signal analysis methods.
Milestones
1) Recording of single channel currents in presence of pathogen simulants, oligonucleotides, DNA fragments, and/or model polypeptides.

2) Recording of complete block of single channel currents (through ompF porin) by pathogen simulants, oligonucleotides, DNA fragments, and/or model polypeptides.
3) Discovery of optimal concentration and conditions for maximal detection of minimal concentration of pathogen simulants, oligonucleotides, DNA fragments, and/or model polypeptides, using single channel recording of currents (through ompF porin).
Challenges

1) To record single channel currents in the presence of pathogen simulants 
2) To find optimal conditions for maximal detection of minimal concentrations of pathogen simulants, oligonucleotides, DNA fragments, and model polypeptides.
How will we meet the challenge?

1) Use proprietary set-up and solution changing system (developed with DARPA/SimBioSys support) already proven to allow single channel recording—without artifact—while applying simulants.

2) Vary the electrical potential, osmotic gradient, permeant ion type, permeant ion concentration, pH, and concentration of simulant and Ca++, to optimize blocking effects and signal detection.
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