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Protein channels conduct ions through a narrow tunnel of fixed charge and act as gatekeepers for cells and cell compartments. Hundreds of types of channels are studied every day in thousands of laboratories because of their biological and medical importance: a substantial fraction of all drugs used by physicians act directly or indirectly on channels. 

The function of open channels can be described if the channel protein is described as an invariant arrangement of fixed charges—not as an invariant potential of mean force or set of rate constants—and the electric field and current flow are computed by the Poisson-Nernst-Planck (PNP) in biophysics. The PNP equations describe the flux of ions (each moving randomly in the Langevin trajectories of Brownian motion) in the mean electric field specified in traditional (nonlinear) Gouy-Chapman/Debye-Hückel/Poisson-Boltzmann theories of electrolyte solutions and proteins. They are nearly identical to the drift diffusion equations of semiconductor physics used there to describe the diffusion and migration of quasi-particles, holes and electrons. They are closely related to the Vlasov equations of plasma physics.

PNP, in its one dimensional version, fits a wide range of current voltage (I-V) relations—whether sublinear, linear or superlinear—from 6 types of channels, over (180 mV of membrane potential, in symmetrical and asymmetrical solutions of 20 mM to 2 M salt. Using a three dimensional version of PNP, several laboratories are able to predict the I-V relations of the channel gramicidin within some 10% over a range of conditions, using the nmr structure, partial charges from standard molecular dynamics programs, and an estimate of the diffusion coefficient of Na+, made from separate data sets, using the one dimensional theory. The anomalous mole fraction (i.e., mixed alkali) effect in K+ and L-type calcium channels is easily explained. Porins with known structure have been studied, and parameter estimates (in mutations of known structure) are surprisingly close to those predicted (i.e., within 7%). 

The dramatic selectivity of the L-type Ca channel of clinical fame arises naturally if the ions and glutamic oxygens of the selectivity filter of the channel are described as charged spheres, using the Mean Spherical Approximation or other representations of concentrated salt solutions. The fixed charge of the selectivity glutamates forces the channel to hold four positive mobile charges, making a concentration of some 17 molar univalent charge! Four (monovalent) Na+ ions occupy twice the volume of two (divalent) Ca++; the resulting difference in excluded volume produces calcium selectivity, because it produces ion specific changes in energy and entropy as well as in the overall electrostatic potential. This crowded charge model of selectivity predicts many of the selectivity properties of the channel in a wide range of ions and conditions after two adjustable parameters are set to optimal (unchanging) values.

Taken together, these results suggest that open ionic channels are natural nanotubes with properties dominated by the enormous fixed charge lining their walls and the consequent crowding of ions in their tiny volume. Other atomic detail is unexpectedly unimportant. Highly charged nonequilibrium systems of this sort are hard to describe by direct simulations of molecular dynamics because those simulations are too small to represent a specific concentration of ions and too brief to compute flux or current. Traditional simulations also have difficulty with the electric field since they use periodic boundary conditions and equilibrium boundary conditions, at best.

An opportunity exists to apply the well established methods of computational physics to the central problems of computational biology. In my opinion, the plasmas of biology need to be analyzed like the plasmas of physics. The mathematics of semiconductors and ionized gases should be the starting point for the mathematics of ions and proteins, for the analysis of protein structure, protein folding, nucleic acids (i.e., DNA), and the binding of drugs to proteins and nucleic acids. It seems likely that the energetics of the compressible plasma of ions near active sites of proteins is an important determinant of their function. Of course, the plasma of ions and proteins differs significantly from those of physics. The definite structure of proteins, the small size of protein active sites, the spherical shape of metallic ions, and the pervasive presence of water are novel features of biological plasmas. So, there is plenty for us yet to do!
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