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Stochastic dynamics in biological ion channels
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The passage of ions through biological cell membranes [1] is essential for life at all levels. It occurs via ion
channels through proteins embedded in the membrane, and involves Brownian motion under the influence of
powerful electrostatic forces. The permeation process is highly selective, e.g. in valence selectivity a calcium
channel selects Ca2+ over Na+ by up to 1000:1. There is still no general agreement on the physical mecha-
nism(s) underlying selectivity, but it is known to be associated with fixed negative chargeQf in a narrow part
of the channel called the selectivity filter. There are persuasive arguments [2] that valence selectivity arises
from ionic Coulomb blockade (ICB), a phenomenon that is closely analogous to electronic Coulomb block-
ade in semiconductor devices such as quantum dots and which gives rise to distinct conduction bands and
stop-bands as Qf is varied. We report the first systematic tests [3] of the ICB picture based on experimental,
analytical and numerical investigations of the influences of the fixed charge and bulk ionic concentrations on
conduction and selectivity in the bacterial NaChBac channel and its mutants. Site-directed mutagenesis and
voltage clamp recordings were used to investigate its Na+/Ca2+ selectivity, divalent blockade and anomalous
mole fraction effect (AMFE).We show that an enhanced ICBmodel can describe well both themain experimen-
tal observations (divalent blockade and AMFE) and the results of Brownian dynamics simulations including
the conduction bands and concentration-dependent shifts of the Coulomb staircase of channel occupation. We
take account of multi-ion effects, the discreteness of the ionic energy levels, their occupation statistics, and
the density of states in the channel, and we consider a generalisation of the theory to encompass selectivity
between alike charges [4,5]. These results are not only extending the understanding of ion channel selectivity
but also promise applications to biomimetic nanopores with charged walls.
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