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1. RESEARCH STATUS

Our project on “Ion Channels as BioSensors” started on May 1, 2001, and was transferred to Rush (as primary site) soon after, beginning in August, continuing the transfer process, until substantive funding arrives (not as of when this is written, on Dec 31, 2001). In this write up we report on the progress since May. The goal of our project is to Demonstrate Ion Channels as Biosensors. Our work is designed to exploit the power of the engineering approach to devices, using models and experiments to design devices instead of trial and error experiments. In the engineering tradition great effort is spent constructing, simulating and testing models, because once a model is established that is useful in a reasonable domain of conditions, design is easy and efficient. Our goal to Demonstrate Ion Channels as Biosensors involves several tasks, summarized below:

1) To demonstrate continuum equations that predict selectivity, sensitivity, and gating based on mean field theories. This task continues for all three years and is needed to satisfy milestones for all three years of biosensor development.

2) To demonstrate multi-scale simulations that predict selectivity, sensitivity, and gating based on Langevin-Poisson simulations. This task extends over years two and three of biosensor development.

3) To perform experiments showing how well porin and its mutants are described by continuum theories and by multi-scale simulations

4) To show biosensor activity of porin in experiments

The highlights of our work are summarized below and in two attached reports, one from Narayan Aluru (coPI at UIUC) and one from Eric Jakobsson (coPI at UIUC):

1.1 Highlights 

1. Dr. Eisenberg in collaboration with Dr. Wolfgang Nonner and Dirk Gillespie have investigated DFT (Density Functional Theory) of the sodium channel. This is the first use of DFT to represent biomolecules that we know of. It is the first time (that we know about) in which DFT has been linked to the far electric field by combination with Poisson Drift Diffusion. This is the theory that will allow actual design of irregular structure. The theory has been developed and programmed and agrees (in overlapping domains of validity) with previous work to many7 significatn figures. Interestingly, the theory shows clear signs of bistability, i.e., gating, in some parameter ranges.

2. Dr. Eisenberg in collaboration with Uwe Hollerbach have submitted a paper showing the dramatic role of screening/shielding in determining the properties of a channel. This paper illustrates the necessity of careful treatment of the electric field, and continues our efforts to help educate the general community so they can design useful devices.

3. Dr. Eisenberg in collaboration with Zeev Schuss, Boaz Nadler and Doug Henderson have learned how to formulate the fundamental integral equations of physical chemistry in the language of trajectories. This is the crucial first step so the insights of p chem can be used to construct selfconsistent calculations and models. That will improve efficiency and understanding by many many fold. Even more importantly it will allow existing physical approximations which work well in pchem to be automatically extended to nonequilibrium and inhomogeneous systems.
4. Dr. Eisenberg and Dr. Tang have constructed and tested a revised experimental apparatus for studying large numbers of solutions on a single channel (e.g., calcium solutions).
5. Prof. Hess has initiated the discussion on the usefulness of the concept of generation-recombination and how to include it in ion channels. There is a one to one correspondence of generation recombination into donors, acceptors and traps to possible processes in ionic channels that involve temporary capture of an ion in any potential minimum, especially at the interface to the protein.  We are convinced  that this correspondence can be used without change in the continuum picture. There is also literature existing on how to include this into Monte Carlo simulations without exorbitant problems which arise from the different time scales. 

6. Sameer Varma (Prof. Jakobsson’s student) parallelized the application of electrostatics calculations for channels on large Linux clusters, including electrostatic potential of mean force for one-dimensional Brownian dynamics and determination of ionization state of titratable residues of channels.  (It should be noted that Sameer did not parallelize the core Poisson-Boltzmann calculation itself, but rather did a spatial decomposition of the many iterations of the calculation necessary in the channel application, and farmed the iterations out to multiple processors in an efficient fashion.)

7. Sameer went on to apply the parallel calculational method to the Ompf porin channel, to calculate the ionization states over the full range of possible pH’s.  Sameer also went on to deal with methodological issues, namely, the effects of using the linearized vs. the full nonlinear Poisson-Boltzmann equations and the effects of different assumptions about the dielectric constant of the protein on the computed results.  This work is being written up for publication and will serve as input to both PNP and Brownian dynamics calculations of flux.

8. See-Wing Chiu (postdoc with Prof. Jakobsson) executed a molecular dynamics calculation of porin channels in a pseudo membrane (decane) between two potassium chloride solutions. From fluctuation analysis he was able to ascertain that the mean effective diffusion coefficient of ions in the channel was about 1/5 the value in bulk.
9. Jay Mashl (postdoc with Prof. Jakobsson) has efficiently parallelized the Gromacs 2 molecular dynamics program on the Platinum Linux cluster.  He has shown that for large systems, the program can run very efficiently over 80 processors.

Details of the Varma and Mashl work are in the attached supplementary report.

10. The work of Umberto Ravaioli, Trudy van der Straaten, and Narayan Aluru are described in the attached report.
PLANS

Future plans for the UIUC groups are in their attached reports.

Future plans for the Rush group are as follows:

· Experimentally, we will concentrate on investigating the sensitivity of ompF and G119D to their differences in charge structure and seeing if we can understand and predict their properties in a range of divalent and monovalent solutions. If the channels prove viable in this range of solutions, we can test one or two solutions per week of work.  
· Experimentally, we will extend our work to new mutant channels D113G and E117Q which have much less structural difference from wild type ompF or each other. If these channels insert and gate in a manageable way in the lipid bilayer, we will see how well the theory predicts their sensitivity to ions and charge structure.
· Theoretically, we will extend the DFT work to deal with K+ channels.
2. DIFFICULTIES/PROBLEMS

· Experimental work on new channel proteins is inherently uncertain: difficulties in inserting the protein into the bilayer and in controlling its opening are likely to occur in at least a few of the solutions studied. We have much experience dealing with these pitfalls, but each pitfall takes time to hurdle!
· Extension of DFT theory to a new channel type requires mastery of a new structure, a new theoretical and simulation literature, as well as (in this case) of a huge experimental literature. It also requires dealing with single file flow for the first time. While we are confident these problems can be solved, and that solving them will be a significant contribution in itself, we cannot be sure of success until we do so.

· In Monte Carlo simulations, timesteps are limited to < 10 fs in order to resolve ion-water scattering processes. Simulations must be run for at least a microsecond in order to accumulate sufficient statistics on ion permeation through the channel. Solving Poisson’s Equation on a grid of ~ 200 000 points becomes very costly, even if done every 100 timesteps. Simulation times of  1ns on a DEC alpha (? MHz) currently required ~100 CPU hours. Poisson’s Equation is usually solved for systems with very large particle ensemble sizes, to reduce the O(N2) problem of evaluating the ion-ion Coulomb forces directly, to an O(Ngrid) problem. However, for this particular system N2 << Ngrid and a direct evaluation of Coulomb forces would be cheaper than solving Poisson. The difficulty arises when trying to determine the Coulomb force between two charges separated by a medium with varying dielectric coefficient. This situation prevails in the simulation of ion channels because of the irregular geometry and small length scales of the protein. Put simply, two ions may often ‘feel each other through a medium that consists of protein, water or lipid, or a mixture thereof’. It is not yet clear how to efficiently evaluate the electrostatic forces in this situation using a direct evaluation of Coulomb’s Law. 

· Representation of irregular protein geometry on a uniform rectilinear mesh remains a challenge in setting up a simulation using PROPHET (or any other existing device simulator). Although PROPHET can handle systems with arbitrary geometry the user must provide a customized mesh. There is no software for translating a PDB file (standard format for representing a protein’s molecular structure) into the mesh representation required by PROPHET. We have written a simple mesh generator to perform this task but it is currently limited to rectilinear meshes with uniform mesh spacing in all three directions. The restriction to uniform mesh spacing limits the spatial resolution and increases the number of nodes. A lot of computational power is thus wasted resolving regions of little interest (e.g., in the baths). 

· The porin channel features a narrow constriction of the pore that occurs over a distance of  X Angstroms. The electrostatic field in this constricted region is believed to play an important role in the permeation characteristics of the open channel. With the current limitations on the mesh resolution it is difficult to resolve the charge constellation in this region adequately. In addition, 1D PNP simulations indicate that the local friction experienced by the ions should increase from X in the wide section of the channel to Y in the narrow region. We have tried to model this by using a spatially varying diffusion coefficient but PROPHET becomes unstable, most likely the result of trying to represent a steep diffusion coefficient gradient on too few nodes. 
· The flip side of the parallelization of the Gromacs code is that for the very large systems for which the code is most efficiently parallelized, we do not have the ability to store that much output data in places where it can be quickly analyzed.  We are working with the NCSA to figure out how to do more efficiently retrievable data storage so that our analysis capability will match our simulation throughput capability.

· The irregular shape of the porin channel pore makes it harder to adapt our 1-dimensional Brownian dynamics program to this channel than to the potassium channel and the gramicidin channel that we have previously used it on.  We are working on some method of volumetric analysis by which the 1-d approximation can reasonably be made so that we can adapt this software to calculation of fluxes in porin

Further difficulties and problems are described in the attached reports.
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RESEARCH STATUS

Our project on “Computational, Experimental and Engineering Foundations of Ionic Channels as Miniaturized Sensors, Devices and Systems” started on May 1, 2001 and in this write up we report on the progress made during the second quarter of the project. The goal of our project is to Demonstrate Ion Channels as Biosensors. This goal involves several tasks, which are summarized below:

5) To demonstrate continuum equations that predict selectivity, sensitivity, and gating based on mean field theories. This task continues for all three years and is needed to satisfy milestones for all three years of biosensor development.

6) To demonstrate multi-scale simulations that predict selectivity, sensitivity, and gating based on Langevin-Poisson simulations. This task extends over years two and three of biosensor development.

7) To perform experiments showing how well porin and its mutants are described by continuum theories and by multi-scale simulations

8) To show biosensor activity of porin in experiments

The highlights of the quarter are summarized below:

3. Highlights of this Quarter

1. Runtimes for the Monte-Carlo code have been reduced by almost an order of magnitude. 

2. Drift-Diffusion/PNP: Current-voltage (IV) curves have been computed for (i) 100mM KCl and (ii) 50mM CaCl2 in both wild-type porin ompF and its mutant G119D using the PROPHET simulator. 

3. The Drift-Diffusion/PNP model has been used to demonstrate that the reduced conductance of G119D is due to a narrowing of the pore constriction rather than changes in the distribution of permanent charge that accompany the mutation.

4. A newer version of PROPHET has been released which allows the user direct access to the charge carrier fluxes, computed from a Scharfetter-Gummel discretization of the drift-diffusion equation. The postprocessor code has been modified to calculate the IV curves directly from the charge carrier fluxes. 

5. Implementation of PNP equations were made in the 3D FCM solver, and tested.

6. Poisson equation was solved on the Gramicidin geometry using the 3D FCM solver.

7. Solution of PNP equations was attempted on a Gramicidin model using the 3D FCM solver.

4. Difficulties/Problems:

1. The solution of PNP equations that was attempted on a model of Gramicidin  indicated that the resolution employed needs to be increased in regions close to partial charges. This will result in increased computational cost, if a non-uniform point distribution is not used. It may be necessary to develop tools that will aid in generation of non-uniform point distribution.

2. Monte-Carlo Simulation of Ion Transport in the Gramicidin Channel: Ion trajectories that cross the channel from one side of the membrane to the other are extremely rare. Simulation times of the order of microseconds are required accumulate sufficient statistics on ion permeation through the channel. Despite the speed-up highlighted above runtimes are still prohibitive. Simulation of 1ns requires ~10 hours of CPU on a DEC alpha (600Mhz Processor). Since the potential must be re-evaluated every time an ion enters or leaves the system, there is an upper limit on the average number of timesteps between successive calls to the Poisson Solver. For a 1M NaCl solution ions typically enter or leave the system on average every 90fs. The average timestep, limited by the maximum ion energy, is 19fs. Thus the Poisson Solver, which consumes more than 90% of the CPU time, must be invoked at least every 5 timesteps. 

3. Drift-Diffusion/PNP: The calculations of IV relations for CaCl2 in ompF and G119D presented some problems with accuracy as outlined in section 6. However, once the source of the problem was identified it was reasonably straightforward to rectify. The PROPHET development team (Dan Yergeau, Stanford University) included the necessary code to write fluxes to the output file and some minor modifications were made to the postprocessor. 
5. Next Quarter Plans
1. Improve accuracy of the solutions by using a finer resolution. 

2. Perform a detailed investigation of charge conduction in Gramicidin. In particular, test the effect of the detailed structure on the current, test the effect of various methods for representation of fixed charges on the current, and investigate the assumptions about the mobility of ions in the channel. Also, we plan to investigate the effects due to the very high ion density that was observed to occur around the membrane.

3. Test the 3D FCM solver for solution of PNP in Porin and other channels.

4. Monte-Carlo Simulation of Ion Transport in the Gramicidin Channel: Currently, Poisson’s Equation is being solved on a uniform grid with 223109 grid points and 0.5Å resolution. Since the ion radii ~ 1Å it is not necessary to resolve the potential on such a fine grid. A coarser grid of 1.0Å will reduce the number of grid points to 29376. A speedup of about factor of 8 should be achieved in the solution of Poisson’s Equation. We intend to implement two grids: Ion-protein and ion-lipid scattering will be resolved on the existing grid, while the potential will be resolved on the coarser grid. 

5. Drift-Diffusion/PNP : Recent Molecular Dynamics (MD) simulations of KCl permeation in ompF (Computational Biology Group, Beckman Institute) have yielded spatially resolved diffusion coefficients. The average diffusion coefficients inside the pore (
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) are commensurate with the value obtained by calibrating the Drift-Diffusion simulations to experiment (
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). We plan to incorporate the MD results into a model of spatially varying diffusivity. Earlier attempts to do so have been unsuccessful. However, in those cases the spatial dependence of the diffusion coefficients, obtained from a one-dimensional Drift-Diffusion model using a reverse-engineering approach, is markedly different from that computed from MD simulations.

6. Program Milestones:

1. Testing of solution of PNP using the 3D FCM solver: The solution of PNP equations by the 3D FCM solver was validated by comparison of results with the analytical results for several test cases, and also by comparison of results by the results published in “Qualitative Properties of PNP Systems: Perturbation and simulation study”, by Barcilion et.al.

2. Analysis of Gramicidin with 3D FCM solver: The analysis of Gramicidin by 3D FCM  was started, but could not be completed due to the difficulties associated with the resolution of the point distribution employed. These will be overcome by using a finer point resolution.

3. Monte-Carlo Simulation of Ion Transport in the Gramicidin Channel: We had planned to investigate the feasibility of obtaining a direct solution of Poisson’s Equation using Gaussian Elimination for the first solve and back-substitution for all subsequent solves. This approach has not yet been attempted. The speedup already attained by optimizing the solver, together with the speedup expected by using a coarser grid, may render a direct solution unnecessary.

4. Drift-Diffusion/PNP: IV relations, ion occupancies and selectivities for KCl and CaCl2 permeation in G119D and ompF have been computed. The results of the KCl permeation studies were presented recently at the 8th International Workshop on Computational Electronics at Beckman Institute, UIUC, in Oct 2001. The proceedings will be published in the Journal of Computational Electronics (Kluwer Publications)

5. The manuscript (see section 8 - Talks/Presentations/Publications) detailing the use of PROPHET for simulating ion permeation through the ompF porin trimer was not completed. We had hoped to have this submitted during the last quarter. After recent discussions between several of the authors it was decided that the overall merit of the paper could be improved by some additional calculations. Specifically, it was realized that using ion activities (computed for bulk salt concentrations), rather than ion concentrations, as boundary conditions leads to an incorrect calculation of the total charge in the system. All the results presented here were recalculated using ion concentrations. The main difference is a small (~10-20%) change in the value of the diffusion coefficient required to fit the experiment. The qualitative behavior of the IV curves remains the same. 

7. Schedule for the next 6 months:

          Task












Dec

Jan   

Feb   

Mar   

Apr   

May   

June

· Gramicidin w/ 3D FCM……………s-------f

· Porin w/ 3D FCM…………………………..s----------f

· Coarse grid Poisson for MC………..s---------------------f

· Parallelize MC…………………………………………s----------------------------f

· Finalize Trudy et al. 

       paper to PhysRev………………………….s--------------------f

· Calculation of Nerst potential

   vith spheres…………………………………………………………..s-----------------------f

· spatially dependent 

   diffusion coefficient……………………….s-----------f

· PNP with effects of 

   excess chemical potential……………………………..........s-----------------------------------f

8. Detailed Technical Description
· Monte-Carlo Simulation of Ion Transport in the Gramicidin Channel
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We have reduced runtimes by almost an order of magnitude by a combination of optimizing the convergence performance of the Poisson Solver, replacing inefficient code, and improvements to the ion-water scattering algorithm allowing longer timesteps. The number of CG iterations required for convergence was reduced from 180 to 50 by tuning the preconditioner. A further reduction to 18 iterations was then obtained by relaxing the convergence criteria. The average Monte-Carlo timestep was increased by factor of 2 by implementing a recursive scheme to resolve individual ion flight times. Finally, a simple but frequently called function was replaced with a table lookup. 

Ion trajectories that cross the channel from one electrode to the other are extremely rare events. Figure 1. shows one such trajectory. In this particular simulation lasting 5ns only two cations crossed the channel. So far no anions have been observed to enter or cross the channel. The ionic radius of Cl- (1.8Å) is roughly the same as the average channel radius, rendering anion permeation extremely unlikely. An interesting simulation to consider would be to reduce the Cl- radius to the same value as the Na+ ionic radius (0.95Å). 
· Drift-Diffusion/PNP

We have computed current-voltage (IV) curves for (i) 100mM KCl (Figure 2) and (ii) 50mM CaCl2 (Figure 3), in both wild-type porin ompF and its mutant G119D using the PROPHET simulator. For KCl, an effective diffusion coefficient (the same for both ionic species) of 
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 (G119D) gives a satisfactory fit to the experimentally measured IV curves. For CaCl2 agreement between simulation and experiment, in both ompF and G119D, is very good if the diffusion coefficient of each ionic species is scaled to 26% of its value in bulk solution. 
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For the CaCl2 calculations presented in Figure 3 we used the same distribution of fixed charge that was used for KCl. The calculation (Computation Biology Group, Becknan Institute) of these fixed charges is strictly valid only for solutions containing monovalent ions. It is not yet known how much the charge distribution on the protein may alter due to the presence of the small, doubly ionized Ca++ ion. This issue requires further attention.
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G119D is created by replacing a neutral glycine, located in the heart of the pore constriction of ompF, with a negatively charged aspartate  (Figure 4.). The bulkier aspartate also reduces the volume available for ions to pass through the constriction zone. The measured conductance of G119D in KCl is about 15% (100mM) to 40% (1M) lower than that of ompF. We have use the Drift-Diffusion model to separate the effects of steric and electrostatic changes caused by the mutation in G119D on the channel conductance. By scaling down the charge distribution on the aspartate to zero we create a channel (albeit, a virtual one) that should be electrostatically similar to ompF but structurally the same as G119D*. Simulations at 1M KCl reveal that the conductance (shown in Figure 5) of such a channel, were it to exist, is the same as G119D despite the difference in the charge constellation in the constriction region. This implies that the reduced conductance of G119D is largely a result of a narrowing of the pore constriction rather than changes in the distribution of permanent charge.

*One issue that needs further probing is how the orientation of the key amino acids in constriction region depends on the local field. If it were possible to remove the charge on the aspartate would the charged amino acids reorient in such a way that the channel cross-section is appreciably altered? Detailed molecular dynamics simulations are required to answer these types of questions. An interesting mutation to consider experimentally would be G119N where the uncharged glycine is replaced with an asparagine, to emulate the bulk of the aspartate without the charge. If the above conjecture is correct then the conductance of G119N should be similar to G119D and its selectivity similar to ompF. 
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A newer version of PROPHET has been released which allows the user to access the charged carrier fluxes directly. Formerly, only the charge carrier densities and potential at the mesh nodes were available. Current densities were then constructed using finite differences, which is inherently inaccurate for the drift-diffusion equation. In simulations of K+ and Cl- these errors are sufficiently small to be ignored. However, the simulations of CaCl2 revealed large discrepancies between the current to each electrode. The postprocessor code has been modified to calculate the IV curves directly from the charge carrier fluxes, which are computed by PROPHET using the Scharfetter-Gummel discretization of the drift-diffusion equation.

· Solution of potential with 3D FCM solver on Gramicidin

We would like to present the solution of Poisson equation on the full Gramicidin geometry using the 3D FCM solver. The mesh spacing was 0.5 Angstroms and a total of  223109 grid points was used. Below we show the geometry and the solution on the x=0 plane of the solution domain.


9. Changes in Personnel Status 
Dr van der Straaten’s appointment at Beckman Institute was changed from 0% to 100% on Nov 15, 2001. Prior to this date Dr van der Straaten was a full-time Research Associate in the Dept of Molecular Biophysics and Physiology at Rush Medical College, Chicago.

10. Interaction
While implementing the model for CaCl2 permeation in porin several discussions took place via email, between T. van der Straaten and Dan Yergeau (PROPHET development team, Stanford University). These discussions led to an improved version of PROPHET whereby carrier fluxes computed by PROPHET can be accessed directly, reducing the amount of postprocessing required to compute IV curves. 

Several discussions took place between T. van der Straaten and Alex Trellakis (author of the three-dimensional Poisson Solver used in the Monte-Carlo code) regarding the convergence behavior of the solver. The solver is now optimized for the current grid. The number of iterations required for convergence has been reduced by roughly an order of magnitude. Further improvements can be achieved at an increased cost to the accuracy of the solution. Any changes to the grid as discussed in section 3 will required the solver to be re-optimized. 

11. Talks/Presentations/Publications 

· T.A. van der Straaten, J. Tang, R.S. Eisenberg, U. Ravaioli and N. Aluru: “Ion Permeation Through the ompF Porin Trimer Using a Three-Dimensional Poisson-Nerst-Planck Theory” Phys. Rev. in preparation.

· T.A. van der Straaten, J. Tang, R.S. Eisenberg, U. Ravaioli and N. Aluru, “ Three-Dimensional Continuum Simulations of Ion Transport through Biological Ion Channels: Effect of Charge Distribution in the Constriction Region of Porin”, presented by T.A. van der Straaten at the 8th International Workshop on Computational Electronics, Beckman Institute, UIUC, Oct 2001. Accepted for publication in Journal of Computational Electronics (Kluwer publications).

A. PROGRESS IN PORIN IN JAKOBSSON LAB, 9-01 TO 12-01

1. PROGRESS IN PORIN MOLECULA R DYNAMICS

One of our goals for this period, as stated in the last progress report, was to characterize the mobility of ions as a function of position within the porin channel with MD simulations.  See-Wing Chiu has been doing these calculations for both the native OmPF porin and the G119D mutant.  The following narrative and figures represent a snapshot of the current state of these calculations:

First, an orientation to the system.  The figure directly below is the backbone of the porin protein, with the intracellular end to the left and the extracellular end to the right.
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The next figure shows the mobility for chloride ion in the channel as a function of position, as measured by the slope after the first psec in the mean-square-deviation correlation, for the native and mutated porin.  The dotted line near the top is the bulk diffusion coefficient, so it is seen that the mobility is significantly reduced in the channel.
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The next figure is the same as above, for the potassium ions, and the slowing is similar.  Note that the degree of slowing is similar.  Interestingly, the mobility is similar for the mutated and native channels, although a neutral residue has been replaced by a negative one.


[image: image13.png]2605

156-05
8
e 1e05
g
>
5006
0

- D(KG M)
®—8D,(Z. GI") for OMPF

- D,(Z G for mutant G1190

Narrow pore region

Z-position (nm)





Just to clarify what we are measuring, below is the family of mean-square-deviation curves for chloride in the native channel.  Note that the lines are not straight, indicating that we do not yet have good enough sampling for the numbers to be very accurate.  We are sure that the diffusion coefficients are much less than bulk, but not certain as to the precise numbers.  Also note that the initial slope, corresponding to the fluid dynamics diffusion coefficient, is much higher than the final slope, corresponding to the effective diffusion coefficient.  Which one is the right one to use in a simulation depends on how fine-grained the potential description is in the simulation.  If it is quite fine-grained, of the order of a few tenths of an angstrom or so, then one should use the fluid dynamic diffusion coefficient.  If it is coarse-grained, an angstrom or more, the effective diffusion coefficient is the right one.  There is an awkward region in between, where neither is right.  Basically one gets into a regime where the description of the motion as diffusive breaks down.   


[image: image14.png]e 817 =56 A
az-60A
az=-84A
az=72A

10
Tme lag (ps)

15

20




The effect of the mutation on occupancy is more striking than the effect on mobility in the channel.  The figures below are the fraction of time that 2 angstrom thick slices of the channel lumen are occupied by potassium and chloride ions in a 1 molar potassium chloride solution.  The top figure (immediately below) is in the native channel and the figure below that is in the mutated channel.  Note that the concentrations of both chloride and potassium are very reduced in the center of the channel for the native channel.  For the mutated channel, which has an extra negative charge, the potassium occupancy is much greater than for the native channel, which would be expected.  Interestingly, the chloride occupancy of the mutated channel is also higher than the native channel (although not as high as the potassium occupancy) indicating the tendency of the potassium and chloride to move as pairs due to their mutual attraction.
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G119D MUTATED CHANNEL

2. IMPROVEMENTS IN THE 1D BROWNIAN DYNAMICS CODE

Yuzhou Tang has written and tested several improvements in the 1D Brownian dynamics channel code, which will be useful for computing fluxes in native and mutated porins.  In particular, he has made the program capable of handling multiple species of ions, has written a stochastic dynamics algorithm that is capable of dealing with a broad range of fine- and coarse-grainedness (traversing the “awkward regime” cited in the section above), and adjusting the strength of the ion-ion interactions according to the diameter of the channel.  

3. PROGRESS IN SIZING THE PORIN CHANNEL

A lab rotation student, Chittanon Burunachai, has used the HOLE program to size the Porin channel, so we now have pore diameter vs. position for the channel.  This will be useful for combining with the new features of the 1D Brownian dynamics program mentioned in the previous section.  

4. PROGRESS IN IONIZATION STATE OF TITRATABLE RESIDUES IN THE PORIN CHANNEL

Sameer Varma has calculated ionization states of titratable residues for a couple of different porin mutants and transmitted those results to Trudy van der Straaten for her calculations.  

5. PROGRESS IN INTEGRATED INTERFACE FOR ION CHANNEL COMPUTATIONS

Shreedhar Natarajan is continuing to work on this.  No breakthroughs to report, just steady progress towards a releasable interface for treating all elements from structure input to computed flux output as a single entity under a common interface.  

B. NEXT STAGE OF WORK TO BUILD ON THE PROGRESS IN PORIN MOLECULAR DYNAMICS

We will:

Provide Trudy van der Straaten with our results from MD and electrostatics as input to her calculations.

Do further analysis and continued running on the MD.  We should extend our simulations to sodium chloride as well as potassium chloride, since some of the critical experimental data are on sodium chloride.

Use the results achieved in the progress sections above to do 1-D Brownian dynamics on porin.  This will provide a direct comparison to Trudy’s PNP. 

Continue work on the integrated interface for ion channel calculations.  .

Work with Trudy van der Straaten to prepare the paper for the proceedings of the April Puerto Rico meeting on the joint UHBD/Prophet flux calculations.
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 Figure 3. IV relations for (a) ompF and (b) G119D, in 50mM symmetric baths of CaCl2. Each IV curve was first computed using diffusion coefficients for each ionic species in bulk solution. These coefficients were then calibrated to fit the experimental data, while maintaining the ratio of cation to anion diffusivity in bulk salt solution. Diffusion coefficients that are reduced to 26% of the value in bulk solution fit both sets of experimental data very well. The slight offset between the measured and computed data in Figure 3(a) is due to the baseline and leakage currents in the measured data.  








Figure 2(b)





 Figure 2. IV relations for (a) ompF and (b) G119D, in 100mM symmetric baths of KCl. The diffusion coefficient for each ionic species was assumed to be the same (which is more or less the case for bulk solutions) reducing the number of adjustable parameters to one. Each arm of the experimentally measured IV curves can be fit very well using a single spatially uniform diffusion coefficient. The average of the two diffusion coefficients, shown in green, provides a satisfactory fit to the entire IV curve. 





Figure 2(a)





Figure 1. Detailed trajectory of a successful channel crossing attempt by Na+ ion. The electrodes are assumed to be in contact with salt baths containing 1M NaCl. A bias voltage of 250mV is applied at the right electrode. This trajectory lasted approximately 122 ps, of which about 80ps was spent inside the channel. 
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Figure 3(b)
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Figure 4. ompF is mutated into G119D by replacing the neutral glycine with a negatively charged aspartate D119. 





Figure 5. IV curves computed for G119D in 1M KCl. these simulations were performed using ion activities rather than ion concentrations. The two calculations differ only in the charge distribution on the aspartate D119. 
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The potential on the y=0 plane of the solution domain.
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Geometry of the Gramicidin plotted on the y=0 plane








PAGE  
21

_1068562982.unknown

_1069750352.bin

_1069751496.bin

_1069753650.bin

_1069754160.bin

_1069750482.bin

_1068627813.unknown

_1069741772.bin

_1068577229.unknown

_1068562853.unknown

_1068562906.unknown

_1068562617.unknown

_1068562642.unknown

_1061508003.unknown

