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1. Grutter T, de Carvalho, LP, Dufresne V, Taly A, Edelstein SJ, Changeux JP (2005) Molecular tuning of fast gating in pentameric ligand-gated ion channels. PNAS 102(50): 18207-18212.


While evaluating the macroscopic current kinetics of a chimeric Cys-loop receptor formed from the extracellular agonist binding domain (ECD) of a nAChR and the ion pore domain (IPD) of the glycine receptor, the investigators observed the chimeric channel to activate much slower than either the glycine receptor or the nAChR alone (s vs. ms).  By making various splice variants of the Cys loop of the ECD and the M2-M3 linker of the IPD of both the glycine receptor and the nAChR, the investigators were able to demonstrate that the Cys loop of the ECD and the M2-M3 linker must be of the same channel to produce the normal fast activation kinetics observed in either wildtype channel.  These domains are not conserved across the members of the Cys-loop receptors and these specific interaction partners are responsible for conveying the ligand-binding to the pore of the channel to modulate fast activation.        




2. 
Jiang LH, Kim M, Spelta V, Bo X, Surprenant A, North RA (2003) Subunit Arrangement in P2X Receptors. J Neurosci 23: 8903-8910.




The investigators introduced cystines at Val48 on TM1 and Ile328 on TM2, two amino acid residues previously shown to form disulfide bonds when mutated together, with the intention of distinguishing whether the disulfide bonds were formed within a subunit or between subunits.  Channels composed of  V48C, or I328C only mutations did not form DTT-sensitive disulfide bonds but channels formed of V48C/I328C did form DTT-sensitive disulfide bonds suggesting this disulfide bond formation is between subunits and not within a subunit.  In another set of experiments the investigators were able to determine that the disulfide bonds were formed between a TM1 region of one subunit and TM2 of another by co-expressing P2X2[V48C] with P2X3[I319C] mutants.  Co-expression of these mutants produced channels that had very little current with ATP application alone but function normally in the presence of a reducing agent and ATP, single mutants showed no attenuation by the presence of a reducing agent and ATP.  The authors hold the P2X receptor must be in a head to tail arrangement with the TM1 interacting with the TM2 of a different subunit.


3.
Nakagawa T, Cheng Y, Ramm E, Sheng M, Walz T (2005) Structure and different conformational states of native AMPA receptor complexes. Nature 433: 545-549.


This paper depicts the three dimensional structure of a native heterotetrameric AMPA receptor expressed in rat brain determined by single particle electron microscopy. 

4. Panicker S, Cruz H, Arrabit C, Suen KF, Slesinger PA (2004) Minimal Structural Rearrangement of the Cytoplasmic Pore during Activation of the 5-HT3A Receptor. J Biol Chem 279: 28149-28158.


Using cystine scanning mutagenisis of the M1-M2 linker as well as some of the M2 transmembrane domain in conjunction with two-electrode voltage-clamp recordings,  Panicker and colleagues were able to demonstrate the 5HT3 selectivity filter is small enough to form a Cd2+ bridge and this bridge can be formed in both the open and closed conformation of the channel.  Their conclusion was that the cytoplasmic portion of the pore moves very little during transitions from a closed to an activated state.  

5. Peters JA, Kelley SP, Dunlop JI, Kirkness EF, Hales TG, Lambert JJ (2004) The 5-hydroxytryptamine type 3 (5-HT3) receptor reveals a novel determinant of single-channel conductance. Biochem Soc Trans 32: 547-552.


The cytoplasmic M3-M4 linker of Cys-loop receptors contains a short amphipathic helix known as the ‘HA stretch’.  The M3-M4 linker is important for many protein-protein interactions and also forms a gondola type structure with side portals similar to that of the Kv1.2/Kv( complex modeled by Rodrick Mackinnon.   This group found that when the arginine residues of the HA stretch lining the “side portals” were mutated, the single channel conductance of the 5HT3 receptor was modulated, indicating the arginines lining the “side portals” are important for ion conduction.

6. Roberts JA, Evans RJ (2007) Cysteine Substitution Mutants Give Structural Insight and Identify ATP Binding and Activation Sites at P2X Receptors. J Neurosci 27: 4072-4082.  


These investigators made and screened 43 cystine point mutations in the extracellular binding loop of the P2X receptor to elucidate some of the amino acids involved in ATP binding.  They found that the 14 amino acids immediately preceeding the TM2 region on the extracellular side of the protein is important for gating or activation without affecting ATP potency.  The investigators propose a model of the binding pocket for ATP based on the evidence found in this paper as well as other papers.  An overwhelming amount of work went into this paper and it was a little difficult to follow at times but the proposed model in figure 10 helps bring it all into perspective.


7. 
Rosenmund C, Stern-Bach Y, Stevens CF (1998) The Tetrameric Structure of a Glutamate Receptor Channel. Science 280: 1596-1599.




Before this publication, all known ligand-gated channels were thought to be like the nACh receptor, a pentamer.  The authors used agonist binding and antagonist unbinding to reveal 3 transition states in single channel conductances of a chimeric ionotropic glutamate receptor (iGluR6/iGluR3) using single channel patch-clamp techniques.  They were able to show that the transition state from closed (small conductance needs 2 agonist molecules to effect the change while small (medium and medium ( large need one agonist molecule each implying 4 binding sites.


8. 
Unwin N (2005) Refined Structure of the Nicotinic Acetylcholine Receptor at 4 A Resolution. Journal of Molecular Biology 346: 967-989.




Dr. Unwin and colleagues have been investigating the structure of the Torpedo nicotinic acetylcholine receptor for over 20 years. This is the most recent and refined model of the Torpedo nicotinic acetylcholine receptor in it’s closed state including ligand-binding, transmembrane, and intracellular domains.   He was able to refine his previous structural models by creating electron density maps of Torpedo nicotinic acetylcholine receptor crystals.   

9. Wollmuth LP, Kuner T, Sakmann B (1998a) Adjacent asparagines in the NR2-subunit of the NMDA receptor channel control the voltage-dependent block by extracellular Mg2+. J Physiol 506: 13-32.


By using site-directed mutagenesis of the pore forming loop of both the NR1 and NR2 subunits of the NMDA ionotrophic glutamate receptor and classical ion substitution and voltage-clamp techniques the authors were able to determine that there are 2 asparagine residues in the constriction site of the pore area of the NR2 subunit that important for the voltage-dependent block by extracellular Mg2+.  It seems the asparagine residue of the NR1 subunit is critical for calcium permeation but plays little role in extracellular Mg2+ block. 

10. Wollmuth LP, Kuner T, Sakmann B (1998b) Intracellular Mg2+ interacts with structural determinants of the narrow constriction contributed by the NR1-subunit in the NMDA receptor channel. J Physiol 506: 33-52.


Not only does extracellular Mg2+ block NMDA receptors, but intracellular Mg2+ does as well in a voltage-dependant manner.   Using site-directed mutagenisis of the asparagine residues in the constriction site of the pore area of the NR2 and the NR1 subunits followed by classical ion substitution and voltage-clamp experiments, the authors were able to determine that the NR1 asparagine residue was important for the intracellular blockade of the NMDA receptor by Mg2+. 

Links for Ligand-gated ion channel related topics.

http://www.ebi.ac.uk/compneur-srv/LGICdb/LGICdb.php  This is a ligand-gated ion channel database that has links to the amino acid and DNA sequences as well as phylogenic alignment if it is available. 

http://opal.msu.montana.edu/cftr/IonChannelPrimers/beginners4.htm This page is self titled “Ion channels for beginners”.  It’s just text, no pictures or interesting links, but it does contain general information and is a good place to start.

http://www.neuro.wustl.edu/neuromuscular/mother/chan.html This website lists and categorizes ion channels, transmitters, receptors & diseases related to disruption of these proteins.  It is presented in an easy to follow outline and contains terminology links. 

http://www.neuro.wustl.edu/neuromuscular/mother/atp.htm This page has great tables of ATP receptor blockers, selectivity, and expression profiles.  In a handy outline form, more details are listed about the structure, interaction sites, and channelopathies associated with P2X receptors and the actions of ATP in general.   
http://homepages.strath.ac.uk/~dfs99109/Brain/ionotropicR.html This is a class lecture website covering the main points of ionotropic glutamate receptors and the Cys-loop family of receptors but not the P2X family.  Not all inclusive but it is another good place to start.

http://www.subcellularbizniz.blogspot.com/ This is a Blog for patch-clampers.  It’s called ‘Across the bilayer, Friday afternoon gibberish from a happy clamper”.  There are tips and several helpful links of interest to budding electrophysiologists.  Some of it is cheesy and some is helpful but it is worth checking out.

http://www.neurosci.pharm.utoledo.edu/MBC3320/GABA.htm This website discusses the structure and activity of GABA receptor agonists and antagonists as well as the metabolic pathway for GABA production.

http://www.bristol.ac.uk/Depts/Synaptic/info/glutamate.html#AMPA This link is for a page called “Glutamate Receptors - Structures and Functions”.  It has several straight forward diagrams and highly informative text.  

http://www.sumanasinc.com/webcontent/anisamples/neurobiology/synaptictransmission.html This has a very well done, detailed animation of synaptic transmission.

http://www.ionchannels.org/ This is the best website over all for ion channels.  It has a list and links to the top 20 ion channel laboratory websites, ion channel job listings, and an ion channel database. There are direct links to hundreds of papers, ion channel animations and even tee-shirts and collectables for cool ion channel jocks. 

