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a) Executive Summary
Ion channels are proteins with holes down their middle that typically respond to one or two molecules with current signals >20 pA, easily observed with present technology. Ion channels achieve this exquisite sensitivity with a structure that allows atomic events to control macroscopic fluxes. The exquisite sensitivity comes at a price, however: the electrical and chemical environment surrounding channels must allow the current signal to be observed without confounding instability or noise. 
Cells that use channels are built to provide a stable noise free environment robustly and reliably. Devices that use channels must be built to provide the same environment while being robust enough to survive in practical use. Lipid bilayers provide many of the special properties of the environment that channels need. But lipid bilayers are hardly stronger than a soap film. It is difficult to make a robust and reliable device out of soap films. Thus, we propose

To construct a strong membrane of channels, made of trimers of the protein porin crosslinked by covalent bonds. The resulting membrane would be as strong as the plastic films bought in supermarkets (e.g.,  SaranWrap, original version).
What is novel about the idea is the cross linking of the channel protein porin by covalent bonds, and the entire absence of the lipid bilayer.

· Porin is a tough protein of the outer membrane of the bacteria E. coli, designed by evolution to withstand environmental extremes in the gastrointestinal tract, ranging from hydrochloric acid of the stomach, to the enzymes of the small and large intestine, to the desiccating dryness of fecal material on the ground.
· Porin is built so its ‘active site’ (its pore) is surrounded and protected by an outer wall made of one of the strongest protein structures known, a β sheet.

· Porin is built so its pore is far from its outer wall, both anatomically and electrically. Mutations of the outer wall are known to have only small effects on ion movement through the pore.
· The technology of cross linking proteins is very well known, and can surely be made to work by well established, if trial and error methods of protein biochemistry. These biochemical methods can be slow and in that sense inefficient, like the art of cooking, but they can nearly always be made to work when applied with skill and persistence by experienced and previously successful practitioners of the laboratory arts.

· Porin naturally forms a two dimensional crystal (well enough ordered that it diffracts electrons) and thus little work has to be done to form it into a membrane.

· The methods of recording from porin and thus verifying its electrical and biological state have been worked out over decades by the PI and his laboratory.

· Since many of these novel ideas have never been done before, they represent a nearly infinite percentage increase in knowledge and capability. No one has made two dimensional crystals of cross linked protein, or recorded from them. 

What is novel about the work is the combination of the highest quality protein biochemistry (to manage the protein and its cross-linking), molecular biology (to make the mutants that allow some kinds of cross-linking), and molecular biophysics, to record from the membrane of channels and verify their functionality, and to design the protein for our technological purposes.

The planned approach  can be demonstrated within 18 months because many of the foundations have already been laid, thanks to DARPA. Large amounts of protein have been made, and cross linking has been observed in reasonable amounts. Essentially, what is necessary (in Part One) is to increase the yield of two dimensional cross linked crystals and (in Part Two) to engineer mutants for our specific purposes.

The research challenges in Part One are

1) To increase the yield of two dimensional cross linked crystals of porin.
2) To incorporate cross linked crystals into a system that allows currents to be recorded.

The milestones are

1) Construction of two dimensional cross-linked porin crystals of macroscopic size (1 µm2).

2) Incorporation of a two dimensional cross linked crystal of porin of macroscopic size in a stable channel recording set-up with shunt résistance > 10 gigohms.

Statement of Work 
SOW

1) The yield of two dimensional cross linked crystals of porin shall be increased. The strategy will 
a. increase the number of attachment sites in the crystal, i.e. design and create double cysteine mutants such as N223C/F267C and S53C/E183C and
b. decrease the intermolecular distances in the crystal by manipulating the crystal form.

2) Cross linked crystals will be reconstituted into a system that allows channel currents to be recorded. Reconstitution will be attempted in
a. Tip dip patch pipette reconstitution.

b. Lipid Bilayer Reconstitution.

Notes: 
1) The subcontractor (George Robillard and his associate Wim Meijberg) have, over several decades, successfully manipulated proteins and their crystals both with techniques of protein biochemistry and molecular genetics. 
2) The PI (Bob Eisenberg and his associates John Tang and Duan Chen) are highly experienced with both methods, having used them for some 20 years. 
3) This is a Part One SOW for a program funded for 18 months and does not state the work to be done in Phase Two).

The use of biomolecules as practical sensors requires robust and reliable performance. Ion channels are a prime candidate for biosensors because they respond to one or two molecules and produce large signals (picoamps of current) at signal to noise ratios often larger than 100:1. But ion channels are proteins embedded (in their natural state) in lipid bilayers hardly stronger than a soap film. It is difficult to make a robust and reliable device out of soap films.

Ion channels perform these remarkable feats of sensitivity 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, the tiny fluxes that flow through the channel can be controlled by a gate that responds to atomic events.
Biological cells ensure the reproducibility of channel currents by going to exquisite lengths to maintain the proper electrical and chemical environment. Cells keep tiny (< 0.1 pA) parasitic parallel currents and they maintain the electrical potential across and in series with channels 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.

Because of the sensitivity of the gating mechanism of channels, and its nonlinearity, sudden changes of the dc components of the trans-membrane potential tend to wreck channels. If the potential change is 0.2 V (as is often the case), the lipid membrane ruptures and the channel environment and channel is destroyed. Even a potential instability >20 millivolts generates a complex and unpredictable pattern of opening and closing of the channel called inactivation, that can last up to several minutes. Regrettably, voltage changes often produce a very long resetting called slow inactivation that is hard to reproduce quantitatively. During these processes, any sensor based on the functionality of the ion channel would be unusable. 
A substantial fraction of the physiology of cells is devoted to avoiding these difficulties by maintaining a constant environment, as reference to any textbook of biophysics, physiology, or cell biology will show, and the proximal cause of death of an animal is usually the failure to maintain that environment in its cells for channels. Thus, any device that uses ionic channels must maintain reproducibility by maintaining stable potential and concentration gradients across channels, while keeping confounding noise small.

Thus, the central difficulties in using channels as devices are

1) Put them into a strong lipid membrane connected to a macroscopic device with leakage conductance less than (the reciprocal of) 10 gigohms.
2) Be sure the lipid membrane has a stable resistance greater than 10 gigohms

3) Connect the silicon/electronic world to the channel so signals can be measured while maintaining stable dc potentials and gradients of concentrations of permeable ions

We propose here to solve problems 1) & 2). We solve difficulty 3) in another proposal. Here, we propose to make a strong membrane of channels by removing the lipid bilayer altogether, by crosslinking channel proteins one to another with covalent bonds, and (if necessary) filling in the cracks between proteins with sculptured detergents previously developed to fill in such cracks in proteins as they are crystallized. Crystallographers in general, and George Robillard in particular, have decades of experience with these ‘crack fillers’.
Other methods to make strong membranes may be possible, using metals, or cross linked lipids, but it is not clear how they can solve problem (2) – (4). The strong protein membrane of channels will be so close to the biological system that the methods used by physiologists and biophysicists for decades to study channels could be used to solve problems. 
The research goal within this project is to prepare a robust and controllable ion-selective membrane based on naturally occurring channel proteins and therefore the research efforts fall apart in two major directions, stabilising the membrane via protein cross-linking and control of the functionality of the channel protein. Both aspects will be discussed below.

Cross-linking

Our experimental approach to building a strong membrane of channels is described in detail in the Appendix and outlined in the section Where are we now?
1. over-expression and purification in high yields of OmpF

2. characterization of the newly purified protein to ensure proper folding and functionality

3. reconstitution in membranes and two-dimensional crystallization

4. development of cross-linking methods

5. production of two-dimensional cross-linked sheets

6. characterizations of the two-dimensional cross-linked membranes in terms of stability and ion transport.

Of these, steps 1 to 4 have been completed successfully and we are currently working towards achieving 5 and 6. One of the main problems we have to contend with is the low yield of the cross-linking reaction (see Appendix). This result is largely independent of the specific mutant and cross-linker being used in the reaction and probably reflects the fact that in the majority of the two-dimensional crystals the distances between individual OmpF molecules embedded in the lattice are too large for the cross-linkers to span. A number of different strategies are possible to solve this.


The simplest solution for the low yields is the use of longer cross-linkers that are able to sample at a larger distance for a complementary reactive group. There are however a number of drawbacks on this: longer cross-linkers increase the risk of unwanted side-reactions, such as intramolecular or intermembrane cross-links. Furthermore, these cross-linkers are not commercially available and therefore will have to be custom-designed, synthesized and tested before they can be used with the membranes. A related strategy is to use a two-step reaction: in the primary reaction a cross-linker is attached to the proteins in such a way that one reactive group is left free and, after removal of the excess cross-linker, two of these free groups are cross-linked via a complementary bi-functional compound. This approach however suffers from the same shortcomings, and therefore other methods need to be considered.


An alternative strategy to using longer cross-linkers is to bring the individual molecules in the crystal lattice closer together. This process can occur spontaneously, e.g. when large hexagonal crystals are stored at 4 oC. Over a period of months the hexagonal lattice slowly changes to the rectangular form, a crystal that has a tighter packing and thus shorter distances between the molecules. A much faster method to achieve a similar transition is lipid digestion by phospholipase, a process that is typically finished after overnight incubation of the preparation with the enzyme. In the case of OmpF crystals this invariably leads to hexagonal crystals with a lattice parameter of 7 nm, independently from the crystal form that is initially present, and therefore probably represents the crystal form with the closest possible packing. Modeling of this crystal form indicated for example that Leu147 (or Cys147 in the mutant) is within 0.5 nm of two other Leu147 on other molecules, a distance that can be overcome easily by the cross-linkers we are using. Because of its generality and ease of use this method is probably the best way of going forward and is therefore currently being implemented in the lab.


 An OmpF molecule embedded in a two-dimensional crystal of hexagonal symmetry has six neighbors, all removed by the same distance from the three-fold symmetry axis in the centre of the molecule (see Appendix). In the ideal case (with respect to stabilization) a cross-link is formed with each of these molecules, meaning that a total number of six cross-links need to protrude from one OmpF molecule. If cysteine-specific cross-linkers are being used, this means that at least six mutations per molecule are needed, which, since OmpF is a trimer, corresponds to two cysteines per polypeptide chain. So far we have only used single-site mutants, and therefore an obvious way to further increase the cross-linking yield is to introduce second cysteines at positions that will be close in the crystal to the sulfhydryls already introduced in an earlier stage of the project. An alternative and elegant approach based on the same principle, i.e. one chain of the trimer cross-links to two other monomers in different molecules, is to use tri-functional cross-linkers for identical sites on three different proteins that come together closely, such as the 147 position mentioned above.

In conclusion, further progress in this direction will be achieved by manipulating the crystal lattice to our advantage in combination with increasing the potential for cross-linking introducing cysteines at strategic positions. This will increase the number of sites of attachment and decrease the distance between them and as a result the yield of the cross-linking reaction will increase. The resulting membranes can then be analyzed for stability using thermal denaturation and membrane rupture measurements and for ion transport and selectivity properties by electrophysiological techniques such as patch clamping. 
c) Time Phased Schedule Part 1
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Part 2
Given the instructions of the BAA, the description of Part 2 

The research challenges in Part Two are

1) To incorporate the strong membrane into a device with gigaseals in parallel and stable dc potentials and low impedance in series.

2) To design a channel with selectivity of interest.

3) To design a channel with sensitive gating.

The milestones are in Part Two are

1) Construction of a device with AgAgCl electrodes to maintain stable dc potentials in series and gigaseals in parallel.

2) Construction of a porin protein mutated to be Ca++ selective

3) Design of a porin protein designed to gate in response to a tiny voltage change or binding event.
d) Summary of Relevant Work (see Appendix)
e) Brief Description of applicable facilities and equipment
BioMade Corporation has a fully equipped set of laboratories for protein chemistry and molecular biology. It also has unfettered access to the facilities of the University of Groningen, Dept.’s of Chemistry and Biochemistry, for prototype work.

Rush Medical Center: Molecular Biophysics has a fully equipped laboratory for patch clamp recording and bilayer measurements.

Both Institutions have taken care to provide the human infrastructure necessary to make the facilities and equipment actually work.

f) Short Resumes of Key People
The Team (see attached CV’s)
Bob Eisenberg is the PI. Bob has long experience working on ionic channels, starting with discussions with Alan Hodgkin in 1961, and has collaborated with applied mathematicians interested in working on biological problems since approximately 1969. He has been working on ion channels full time since he left his position as Chairman of the Physiology Study Section of the NIH in 1983. He is responsible, along with his collaborators, for introducing self-consistent calculations into channel biology, in which the electrical potentials are computed from (approximations to) the charge distribution, although of course there are many ways to do such calculations and his may not be the best. Bob has known and worked with George Robillard for many years on this project, on designing calcium selective channels, and on building patentable devices.

Wim Meijberg is a highly experienced membrane biochemist and molecular biologist who has a gift for making things work. He has worked with George Robillard for many years and is highly experienced with protein chemistry, cross linking and other procedures. He has learned a good deal about channel electrophysiology and has visited Bob Eisenberg and John Tang many times by now, and vice versa. In recent years, his management skills have become evident as he runs a laboratory of some 8 professionals watching what they do every day.
Henk Miedema is an experienced electrophysiologist who along with Wim Meijberg is performing the electrical recording and molecular genetics at BioMade. Henk and Wim have visited Rush and have been shown the techniques and tricks that John Tang and Bob Eisenberg have developed over the years. They are in the process of implementing those tricks in Groningen and in fact we are scheduling John Tang’s first visit there in the near future.
George Robillard is an American citizen who has been working in the Netherlands since 1974. He received his Ph.D. in Biochemistry from the University of Washington in Seattle, then spent three years as a postdoctoral fellow and later, research associate at Princeton University and Bell Laboratories before joining the faculty of Mathematics and Natural Sciences at the University of Groningen. His research interests include the structure and function of membrane transport proteins and the design and use of bio-macromolecules in nanosystems. He has served as chairman of the Department of Chemistry and chairman of the board of Biomolecular Sciences and Biotechnology Institute and is the founder and scientific director of BioMade, a research institute and Dutch Limited company focusing on nanotechnology. Honors include election to the Royal Netherlands Academy of Sciences. 
John Tang is a highly experienced worker on single channels, having done patch clamp and reconstituted channel recording for some 20 years. He is responsible for the perfusion techniques that allow changing ionic solutions in patch pipettes (marketed by Adams List) and for the perfusion methods that allow us to study some 10 solutions on the same ion channel.

Integration of the Team
George Robillard, John Tang and Bob Eisenberg have worked together for many years, successfully by email and in person. Two annual face to face workshops will be planned, one in Chicago and one in Groningen.

Weekly reports (‘Bullets’) are prepared every Monday as part of BioMaDe’s standard procedures. These are shared with Dr. Eisenberg every week.

Two samples (unedited) of the weekly reports are shown below.

Bullets Ionic Membrane Project January 11, 2002 (week 02)

Maarten Vrouenraets

● Dialysis of wt-OmpF for production of protein standards to use in Bio-Rad assay.
-Result: pure OmpF obtained, with a loss of protein during dialysis (about 50%)

● Detergent-mediated reconstitution with OmpF mutants L147C/E183C and DMPC (ratio 5:1 (w/w), 37°C).

The possible prevention of S-S bond formation during dialysis with the reductant tris-(2-carboxyethyl)-phosphine (TCEP) was studied.

-Result: TCEP suitable for prevention, as determined by SDS-PAGE

· Barbara Lussenburg

Cysteine mutant of OmpF

An F267C mutation has been introduced into OmpF-mature. This mutant is currently being sequenced by BaseClear.

Random mutation of OmpF

1st Round OmpF

- 5 Colonies from the non-selective plates have been sent away for sequencing in order to determine the mutation frequency. 

- 20 Colonies from the selective plates have been re-plated on plates containing 5ug/mlTet + 5, 7.5, 10 or 15ug/ml Ce. 

Results after two days at 37(C: 

Of the 20 colonies,

· 13 colonies didn’t grow at all

· 2 colonies grew only on 5ug/ml Ce plates

· 2 colonies grew on 5ug/ml Ce plates and on 7.5ug/ml Ce plates

· 1 colony grew on 5, 7.5 and 10ug/ml Ce plates

· 2 colonies grew on all four plates (5-15ug/ml Ce).

-> The two colonies that grew on the plates containing up to 15ug/ml Ce will be prepped and sequenced..

2nd Round OmpF

Mutation frequency

The 6 colonies from non-selective plates that have been sequenced showed the following results:

	Mutant
	Total Mutations in OmpF ORF 
	Mutation frequency (%) 
	Non-silent Mutations in OmpF ORF 
	Mutation frequency (%) 

	2-OmpF1
	2
	0.19
	2
	0.19

	2-OmpF2
	10
	0.94
	8
	0.76

	2-OmpF3
	12
	1.13
	7
	0.66

	2-OmpF4
	5
	0.47
	2
	0.19

	2-OmpF5
	0
	0
	0
	0

	2-OmpF6
	5
	0.47
	4
	0.38


All six mutants will be transferred to selective plates with different concentrations of cephalothin, to find out whether the obtained mutation frequency is sufficient to make the mutants resistant to cephalothin.

Expression of OmpF

Twelve of the best-growing mutants from selective plates have been checked for OmpF expression. On an SDS PAGE gel, an OmpF band was visible for five of these twelve mutants. These mutants, and also four of the mutants that didn’t show an OmpF band, will be prepped and sequenced.

3rd Round OmpF
Two more rounds of random mutagenesis PCR will be performed on PCR product from a 1st round that I have left, so that 3rd round-mutated OmpF will be obtained.

==========================================================

==========================================================

Bullets Ionic Membrane Project November 28, 2002 (week 48)

Maarten Vrouenraets:

● Cross-linking of OmpF double mutant N223C/F267C with glutaraldehyde and MPBH or BMPH.

The cross-linking of reconstituted N223C/F267C using glutaraldehyde and MPBH, described in week 47, was continued. Using a 0.01% glutaraldehyde solution (1.1 mM),  also containing 0.42 mM of the cross-linker MPBH and 0.83 mM 2,4-dinitrophenylhydrazine (to quench all unreacted ketones and aldehydes), cross-linking of N223C/F267C did not occur, as determined by SDS-PAGE analysis. However, also the control cross-linking reaction with only glutaraldehyde did not result in cross-linking. Probably, a higher glutaraldehyde concentration has to be used.

Therefore, a 5% glutaraldehyde solution (0.53 M) containing 0.2 M MPBH was prepared (to obtain a 1% glutaraldehyde concentration during the cross-linking reaction). Unfortunately, immediate precipitation occurred, probably due to the poor water solubility of the products formed after reaction of the polymerized glutaraldehyde with BMPH. Also with the better water soluble cross-linker BMPH precipitation took place, although to a lesser extent.

Logically the next step will be to use a lower glutaraldehyde concentration in combination with BMPH.

● Week 49

· Sulfhydryl-specific cross-linking of OmpF double mutant N223C/F267C and SC3. 

· Cross-linking of reconstituted N223C/F267C with glutaraldehyde and BMPH.

· Optimize HPLC analysis of cross-linked N223C/F267.

Jenny Wierenga

Random mutagenesis of ompF (EcoRI and HindIII)

Last week I sent 3 samples of random mutagenesis to Baseclear. These were samples before the IgG dynabead extraction. This Wednesday I received the results. Baseclear could only use one of the two primers that I sent with the samples. This means that I only received sequence results for one part of the gene. This gave the following results:

· The first sample has no mutation. The mutation(s) are probably in the other part of the gene.

· The second sample has (at least) the mutation G173S.

· The third sample has (at least) the mutations N241S and L259R.

The results show that the samples are different from each other. There could be more mutations. I send another primer to Baseclear for sequencing the other part of the gene. 

I also send 8 samples to Baseclear from after the dynabead extraction. I hope to have the results back on Friday.

On Monday I did an IgG dynabead extraction on a new random mutagenesis experiment that I did last week. I obtained lots of colonies that I will test for presence of the OmpF gene (colony PCR) and on expression of OmpF protein (Western blot). So far I tested 8 colonies on the presence of OmpF gene. They gave all positive signals on an agarose gel. Friday I will test if they also express the protein OmpF
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Strong Membrane of Channels
Abstract

We will crosslink the channel protein porin to make a strong membrane of channels, able to function in a man made device the way it does in natural biomembranes, responding to one or two molecules with a current signal > 10 pA.
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The main costs are human resources. 
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