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Reading for this week:

Hille, B., Armstrong, C., MacKinnon, R. (1999). Ion channels: From idea to reality 
Nature Medicine 5(10), 1105-1109. https://dx.doi.org/10.1038/13415

https://dx.doi.org/10.1038/13415%22%20%5Ct%20%22_blank




Roles of membrane proteins



Mechanisms of membrane transport



Physical implications of the lipid bilayerIons require more than a pore to pass through the lipid bilayer 

Continuum electrostatics 
Linearized Poisson-Boltzmann equation

https://doi.org/10.1017/S0033583504003968 

Fig. 6. Illustration of the important concepts in membrane electrostatics. (a) The dielectric barrier. The solid line is the electrostatic reaction-field free energy of a K+ ion going across a 30 A ̊ membrane 
represented by a structureless continuum medium of dielectric 2. The dashed line is the electrostatic reaction-field free energy of a K+ ion going through a 3 A ̊ diameter cylindrical aqueous pore of dielectric 
constant 80. The finite-difference calculations were done using the PBEQ module (Nina et al. 1997; Roux, 1997; Im et al. 1998) of the biomolecular simulation program CHARMM (Brooks et al. 1983). The 
total electrostatic potential was calculated at each point of the grid by solving the finite difference Poisson equation. No electrolyte was included in the bulk solution.



Physical implications of the lipid bilayerIon channels overcome the electrostatic barrier of the membrane



Ion channels

• Are continuous open pores in the 
membrane


• Ions move passively downhill following 
the electrochemical gradient


• Rate of permeation can be very high, can 
be diffusion limited


• Permeation can be highly selective

• Control of permeation is determined by 

gating



Ion channels are resistors

• Low dielectric membrane is a capacitor, 
capable of separating charge


• Ion permeation through channels is 
measured as electrical current


• The channels are modeled as resistors

• The current follows Ohm’s law: V = I*R



The equilibrium potential



K+ ~ 150 mM 

A model cell (e.g. cardiac myocyte)

K+ ~ 4 mM 

Na+ ~ 20 mM 
Ca++ ~ 0.0001 mM 

Na+ ~ 145 mM 
Ca++ ~ 2.5 mM 

What is the resting 
membrane potential if 

this were a K+ 
selective channel? 

What if it was a Na+ 
channel?



Table 1: Electric potential difference over a range of biological membranes. Negative values indicate that the outer compartment is more positive than the inner compartment. 
pmf is the total proton motive force that includes the effect of pH. When the pH of the media changes the electric potential of single celled organisms tends to change such that 
the pmf remains in the range -100 to -200 mV.

The equilibrium potential



Figure 2: Characteristic amplitude of current passing through a channel is a few picoAmperes. The channel switches between the closed and open 
states. When open, the channel permits the passage of ions, which is measured as a current. (Adapted from R. Phillips et al., Physical Biology of the 
Cell, Garland Press, 2012.)

Single-channel recordings



First single-channel recording - gramicidin



IX = N * GX * PO * (VM-EX) 

Whole-cell currents

• X - permeating ion

• N - number of channels

• GX - single-channel conductance

• PO - open probability, function of VM

• EX - reversal/equilibrium/Nernst potential for ion X



Ion channel gating

• Voltage

• Ligands

• Lateral membrane tension

• Temperature

• Ionic concentration/

osmotic pressure

• pH



Voltage-dependent activation



Inactivation



Measuring activation & inactivation



Rectification



The action potential

• Changes in membrane 
potential to the different 
equilibrium potentials


• Requires channels 
selectivity


• And voltage-dependent 
gating



The problem of selectivity



Solving the K+ selectivity problem

Zhou et al., 2001





Diffusion limited conductance while maintaining selectivity



Solving the Na+ selectivity problem



Chloride permeability is generally non-specific amongst anions



Fluoride channels are remarkably selective for F-



Larger pores are generally non-selective, but fast



Water channels - aquaporins



https://doi.org/10.1016/j.sbi.2015.07.009

Structure determination of membrane proteins

• X-ray Crystallography

• In detergent

• Major challenge to find 

crystal conditions for 
non-anisotropic 
diffraction


• Lipidic cubic phase


• 2-dimensional electron 
diffraction

• High resolution for 

samples prone to 2d 
crystallization


• Single particle reconstruction 
by cryo-electron microscopy

• Any samples, best if 

ordered and 
homogeneous

https://doi.org/10.1016/j.sbi.2015.07.009

