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We met in November 1998 to discuss how ion channels are 
designed and work. Most meetings on ion channels over the last ten years 
or so have centred around biophysical measurements at the single 
molecule level and site-directed mutagenesis experiments combined with 
electrophysiological study of function. And powerful though these 
techniques may be, the amount of clear-cut information obtained is 
limited compared with the amount we can learn from viewing three
dimensional structures directly. What set this channel meeting apart from 
the previous ones is that there was a shift in focus, with structure 
obviously taking centre stage. Indeed, the meeting seemed to portend a 
new era of ion channel investigation in which we will be obtaining fresh 
insights simply by examining the new three-dimensional structures and 
relating their specific features to their specific functional roles. 

Ion channels are integral membrane proteins. Their transmembrane 
character, and the fact that cells do not in general make many channels, 
have in the past represented obstacles too severe for any structures to be 
solved. But. severa! strategies have been developed successfully over the 
last few years to circumvent the problems of hydrophobicity and 
availability in small quantities. One is to work with bacteria! homologues 
of the usually more complex eukaryotic protein, and make use of bacteria! 
expression to obtain the large amounts of protein required for 
crystallisation trials and eventual X-ray structure determination. It was 
this approach that led to our first high resolution picture of an ion 
channel, the K•-selective ion channel of Streptomyces lividans, and next, 
to the structure of the pentameric mechanosensitive channel from 
Mycobacterium tuberculosis. Another strategy has been to engineer soluble 
parts of the channel protein, which are more tractable experimentally, 
and gain from them valuable information about critica! functional regions . 
The crystal structures of the ligand-binding core of the glutamate 
receptor, the cytoplasmic tetramerisation domain of the voltage-gated K+ 
channel and an amino-terminal part of the Herg K+ channel provide 
elegant examples based on this approach. A third strategy has been to 
determine the whole structures by electron microscopy of frozen 
crystalline sheets or tubes, taking advantage of the propensity of 
channels to organize in two-dimensions - as in the lipid bilayer - rather 
than three. Resolutions approaching the atomic level are now being 
obtained from aquaporin and the nicotinic ACh receptor by this means. 

Many of us marvelled not only at the rapid progress made over the 
last two years, but also at the diversity of structures invented by Nature 
to transport ions (and small molecules) rapidly and selectively across the 
membrane. The FhuA protein somehow makes use of a globu.lar plug, 
enveloped by a 13-barrel, to translocate ferric ions across the membrane; 
the homologous Ca2•- and H•- ATPases each use ten membrane-spanning 
a-helical segments, arranged in a complex bundle, to pump their 
respective ions across the membrane; aquaporin is a tetramer in which 
each subunit makes a transmembrane pore, lined by hydrophobic and 
polar side-chains, specifically for water molecules tó pass through; Instituto Juan March (Madrid)
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gramicidin is a helical dimer extending across the bilayer, in which the 
carbonyl groups of the polypeptide backbone, rather than the side-chains, 
face inwards creating a central cation-selective pore; the gap junction 
channel is a hexamer of protein subunits, each essentially a four-helical 
bundle, delineating a central non-specific pathway for the ions. 

Severa! basic principies underlying the structure and operation of ion 
channels were illuminated beautifully at the meeting through the details 
of the structures which have just been determined. In the case of the K• 
channel, for example, the K• selectivity over Na• is explained by the 
presence along the 4-fold axis of a 12Á long fllter lined by backbone 
carbonyl groups which are geometrically constrained so that a dehydrated 
K• ion fits with good coordination but a Na• ion is too small. Also in this 
structure, helix dipoles anda water-filled cavity overcome the electrostatic 
energy barrier facing an ion in the membrane interior; on the other hand, 
such features are not apparent in the aquaporin pore, which is designed 
to prevent the transport of ions - i.e . destabilize their presence in the 
membrane interior- and only let water molecules through. 

Another major theme of the meeting was the molecular mechanisms of 
ion channels: we ultimately need to understand how ion channels are 
regulated by ligand-binding andjor by changes in membrane potential. 
Essential insight into these processes is now emerging from severa! kinds 
of biophysical technique. Site-directed spin labelling and EPR 
spectroscopy is shedding light on the nature of the structural 
rearrangements underlying gating of the K• channel. Small-angle X-ray 
scattering is telling us about the conformational changes that take place 
on the binding of glutamate to the glutamate receptor ligand-binding 
domain. Combined mutational and electrophysiological studies are 
providing valuable new inforrnation about the conformational changes 
and the subunit interactions involved in a number of channel types, 
including K+ channels, cyclic nucleotide-gated channels, glutamate and 
NMDA receptors. And fmally, experirnents done on kainate receptors 
emphasise the importance of functional studies, which link channel 
mechanisms with other cellular processes and place channels properly in 
the context of the living organism. 

This meeting involved only a srnall group of individuals. But the amount 
of fundamental new information presented in the talks and the posters, 
and also the exciternent and discussion they inspired, was amazing. 
Substantial advances are taking place now in the ion channel field. We 
can realistically look forward to viewing in the near future severa! more 
ion channel structures. Sorne of these rnight reveal more cornplex (and 
unsuspected) architectures and others rnight illurninate structural 
principies underlying the physiological events. What is certain is that all 
will deepen significantly our understanding of how ion charinels are 
designed and work. 

N. Unwin, J. Lerma and R. MacKinnon 
Instituto Juan March (Madrid)
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Domain : structure of membrane proteins 

J . P. Rosenbusch"', K. Locher"', M. Winterhalter"' and D. Moras+ 
"'Biozentrum, University of Basel, Klingelbergstr, 70, CH-4056 
BaseVSwitzerland. e-mail : rosenbusch@ubaclu.unibas.ch 
+CNRS/UPR. F-67404 Illkirch!France. e-mail: moras@igbmc.u-strasbg.fr 

The folding patterns of membrane proteins currently comprise three types: l. The alpha

helical bundles. We have crystallized bacteriorhodopsin into 30-crystals using lipidi c 

cubic phases. This yielded a structure to a resolution of 2.4Á, including the position of 

severa! water molecules in the proton pathway. 2. The beta-barreis, for which bacteria! 

porins are the prototypes. Unspecific porins (OmpF from E. coli) allow an evaluation of 

the effects of charge distribution and insight into the mechanism of channel closing. 

Specific porins (maltoporin) yields a solute pathway the structure of which helps to 

design mutants, and to interprete the results of noise analysis . 3. Mixed structures. The 

solution to 2.7 A of a ferric ion translocator (the FhuA-protein), with or withjout the 

siderophore ferrichrome as ligand, reveals three domains: a beta-barre!, containing a 

globular plug that cloggs the channel, and a disordered N-terminal segment of 18 

residues. The plug domain contains five short alpha-helices and six beta-strands, four of 

which forma beta-sheet (slightly tilted relative to the membrane plane). This protein is 

ligand-gated, with the small, local conformational change at the binding site (on the 

extracellular face ofthe membrane) transmitted and amplified to the periplasmatic face. 

The significant allosteric change in that location apparently predisposes the FhuA

protein to interact with the energy-transducing complex ·(TonB-protein). This protein 

may be viewed as paradigm of ligand-gated channel proteins. 

Instituto Juan March (Madrid)
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Cryoelectron Microscopy ofthe ATP-dependent Calcium Pump from Sarcoplasmic Reticulum 
David L. Stokes*, Peijun Zhang*, N. Michael Greent 
* Skirballlnstitute for Biomolecular Medicine, NYU Schoo( ofMedicine, New York, NY 10016 
t Nationallnst. for Medica( Research, Mili Hill, London NW7 lAA 

The calcium pump from sarcoplasmic reticulum (Ca2•-ATPase) is an archetype for the 
family ofP-type ion pumps. lt uses ATP to sequester calcium within the sarcoplasmic reticulum 
mcmbrane, release from which is responsible for initiating muscle contraction. Other well 
studied members ofthis family are Na•tK•-ATPase from most cukaryotic plasma membranes, 
I·I' -ATPase from fungi, H+ /K• -ATPase from the gastric mucosa and Kdp from E. coli. More 
reccntly, a large subfamily has been identified that is responsible fortransport ofvarious metals, 
such as copper, mercury and cadmium, presumably by a similar reaction mechanism (l). The 
hallmark ofthis mechanism is formation of a covalent phosphoenzyme as a reaction 
intermcdiate, which is used to harness the energy of ATP for a conformational change. This 
conformational change is thought to be rather large and to atfect the transport of cations across 
the membrane. Similarly, calcium binding at transport sites induces a conformational change 
which activates the nucleotide binding si tes for nucleophilic attack on ATP, thus producing the 
phosphoenzyme (2). So far, no crystals ha ve been produced that are suitable for x-ray 
crystallography, so we have becn using electron microscopy to characterize the structure and to 
try to relate it to the mechanism of ion transport. "In particular, we ha ve two types of crystals, 
which we believe represen! conformations before and after calcium binding, based on the 
conditions used for crystallization (i.e., the requirement for saturating calcium concentrations in 
one case and for the absence of calcium in the other case). Our ultimate goal is to sol ve 
structures from both types of crystals and thus to try to understand how calcium binding at 
transport sites can etfect the nucleotide site that is believed to be 40-50 A away. 

The first step in this goal has been to study tubular crystals that form in the absence of 
calcium within the native sarcoplasmic reticulum membrane. These are essentially two
dimensional, membrane-bound crystals that roll up into a tubular structure, thus producing 
helical symmetry. These tubes have been imaged in their frozen-hydrated state and helical 
reconstruction methods ha ve been used to determine their structure at 8 A resolution (3). Ten 
helices were fit to the transmembrane domain together with 4 helices in a "stalk" that connects 
the transmembrane domain toa cytoplasmic head where ATP binding is thought to occur. 
Assignments for these transmembrane and stalk helices in relation to the ami no acid sequence 
were deduced by considering a wide variety of experimental evidence, such as site-directed 
mutagenesis, cysteine crosslinking, residue variability, and physical connectivity within the 30 
map. In addition, a pathway was observed that could provide aqueous access from the lumenal 
side ofthe membrane to the putative calcium binding sites in the middle ofthe membrane. More 
recently, we have expanded our interpretation ofthis map. First, we have sol vedan independent 
structure from reconstituted Ca 2+ -ATPase at a similar resolution and ha ve compared the details 
ofthe density distribution to assess the reliability of our previous efforts at helix fitting and 
identification ofhelix connectivity. The details ofthe two structures agree exceedingly well and 
complete( y support our original proposals. Second, we have built an atomic model for the 
transmembrane helices involved in calcium binding, using helica( axes defined by the density 
maps and side-chain orientations suggested by site-directed mutagenesis, by cysteine 

Instituto Juan March (Madrid)
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crosslinking, and by residue variability. This model makes very specific predictions for the path 
of calcium ions through the protein and for residues involved in helix-helix packing, thus 
suggesting further site-directed mutagenesis and cysteine crosslinking experiments. Third, we 
ha ve allempted to idcntify thc three domains that compase the cytoplasmic head ofthe molecule. 
Thcse attempts ha ve been aided by a recent association between the family of P-type cation 
pumps anda broad family including haloacid dehalogenases, phosphoserine phosphatases, and 
phosphomanomutases ( 4 ). All ofthese enzymes proceed by nucleophilic attack of an a~partyl 
residue on their substrate, resulting in a transient covalent bond (analogous toa phosphoenzyme) 
during the reaction cycle. These homologies in function and in sequence suggest that a similar 
fold is employed, thus providing a putative alomic structure for the phosphorylation domain of 
Ca2•-ATPase. Finally, we have obtained preliminary view ofthe conformational change induced 
by calcium binding to Ca 2 +-ATPa~e . This comes from a projection map based on our second 
crystal form grown in the presence of saturating calcium concentrations (5). Tite projection map 
reveals large rearrangements ofthe cytoplasmic part ofCa2+-ATPase, which is broadly 
consistent with the cytoplasmic densities revealed in a recent structure of H• -ATPase from 
Neurospora (6). Based on this preliminary view, we propase a particular rearrangment of 
cytoplasmic domains that may be responsible for this conformational change and thus for 
activation ofthe nucleotide site by calcium. 

l. Axelsen, K.B. & Palmgren, M.G. 1998.1 MolEvol46, 84-101. 
2. MacLennan, D.H., Rice, W.J. & Green, N.M. 1997. J Biol Chem 272,28815-28818. 
3. Zhang, P., Toyoshima, C., Yonekura, K., Green, N. M. & Stokes, D.L. 1998. Nature 392,835-
839. 
4. Aravind, L., Galperin, M.Y. & Koonin, E. V. 1998. TIBS 23, 127-129. 
5. Ogawa, H., Stokes, D.L., Sasabe, H. & Toyoshima, C. 1998. Biophys J 75, 41-52. 
6. Auer, M., Scarborough, G.A. & Kuehlbrandt, W. 1998. Nature 392, 840-843. 
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Structure of the plasma membrane H+-ATPase at 8 Á resolution 

Werner Kühlbrandt 

Max-Planck-Institut für Biophysik, Heinrich-Hoffmann-Str. 7, 
D-60528 Frankfurt am Main, Germany 

Determining the structure of membrane proteins at any level of detail is 
still a difficult challenge, because crystals are an essential 
prerequisite. 2D crystals of membrane proteins require less material than 
3D crystals and often form more readily . 2D crystals are perfect specimens 
for electron crystallography. This is an especially promising technique 
for the analysis of large and complex eukaryotic rnembrane proteins which do 
not yield highly ordered 3D crystals readily. 

We have used electron crystallography to determine the structure of the 
plasma membrane H+-ATPase from Neurospora crassa. 2D crystals of the 
stable, detergent-solubilized hexamer of the enzyme were grown by a new 
method directly on the carbon support film, without reconsitiution into 
1ipid membranes. Images of 2D crystals were recorded by 
electron-cryomicroscopy and processed, yielding a 3D map of the ATPase at 
8Á in-plane resolution. 

The H+-ATPase consists of a single -100 kd polypeptide chain. The 3D map 
shows a large cytoplasmic region, comprising -75\ of the protein, connected 
at several sites to the membrane domain . The membrane domain contains 10 
membrane spans, arranged in a bundle with a right-handed twist. Within the 
cytoplasmic part, 4 major domains were distin-guished . Comparison of the 
H+-ATPase map with that of the related Ca-ATPase (see abstract by D. 
Stokes) suggests that the cytoplasmic domains undergo a substantial 
conformational change as a result of ligand binding. 

Instituto Juan March (Madrid)
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Structure of a water channel, aquaporin-1 
Yoshinori Fujiyoshi 

Department of Biophysics, Faculty of Science, Kyoto University, 
Kitashirakawa, Sakyo-Ku, Kyoto, 606-01, Japan 

The existence of water channels has been postulated almost half a century 
ago, because the lipid bilayer cannot account for osmotically drivén water 
flow observed in red blood cells [1]. This activity exhibits mercury 
sensitivity and an erythrocyte integral membrane protein of relative 
molecular mass 28 kD is the first member of the growing major intrinsic 
protein (MIP) family with a demonstrated water channel function, and is 
termed aquaporin-1(AQP1) [2]. Its propensity to form two-dimensional 
(2D) crystals upon reconstitution in lipid bilayers has promoted electron 
microscopic analyses. We have-reported the 3D structure of AQP1 at 6 Á 
resolution [3]. Higher-resolution was pursued anda three-dimensional map 
of AQP 1 at 3.5 Á resolution was analysed from 107 images and 92 
electron diffraction pattems based on electron crystallography. The AQP 
1 has six hydrophobic sequence stretches that suggest six trans-membrane 
helices which form a right handed helical bundle. The MIP family share 
the signature of a repeated NPA (Asn-Pro-Ala) motif in the two most 
prominent loops. From opposite membrane sides, two loops containing the 
NPA motifs projected into the membrane inside surrounded by the six 
trans-membrane a-helices. A short a-helix was formed in each of the two 
loops whose contrast was indicated by 'X' in our previous paper [3]. The 
two short helices faced together with at around center of the membrane 
surrounded by the six long helices inside of which the water channel was 
located. This structure of AQP 1 wíll give insight into mechanism of 
water channeling by which large water volumes pass across specialized 
membranes in plant, invertebrates and vertebrates, amounting to hundreds 
of liters per day in humans. 
This study was performed in collaboration with T. Hirai, K Murata, K. 
Mitsuoka, T. Walz, J. B. Heymann, B. L. Smith, P. Agre andA. Engel 

References 
l. A. Finkelstein, Water movement through lipid bilayers, pores, and 

plasma membranes, theory and reality Wiley, New York. 153-183, 
(1987). 

2. G. M. Prestan, T. P. Carroll, W. B. Guggino and P. agre, appearance of 
water channels in Xenopus oocytes expressing red cell CHIP 28 
protein. Science 256, 385-387 (1992). 

3. T. Walz, T. Hirai, K Murata, J. B. Heymann, K. Mitsuoka, Y. Fujiyoshi, 
B. L. Smith, P. Agre andA. Engel, the three-dimensional structure 
of aquaporin-1. Nature, 387, 624-627 (1997). 
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A biophysical analysis of GluR ligand binding 

R. Abelet, K. Keinanen2, M.H.J. Koch3, D.I. Svergun3• 4, D.R. Madden1 

1MPI for Medica! Research, Heidelberg, Germany; 2Vükki Biocenter, University of Helsinki, 
Finland; 3EMBL Outstation_ Hamburg, Germany; 4Institute of Crystallography, Russian 
Academy of Sciences, Moscow, Russia. 

Synaptic communication ·between neurons occurs when neurotransmitters 
released by one cell are recognized by appropriate receptors on another. In 
the central nervous system, glutamate receptors (GluR) are the predominant 
mediators of excitatory synaptic signalling. GluR appear to be structurally 
distinct from the acetylcholine receptor family, which includes most ligand
gated neurotransmitter receptors. 

The GluR contain an interrupted domain with weak homology to bacterial 
periplasmic binding proteins, which trap their ligands between two lobes 
(the "Venus flytrap"). Expressed as a soluble fusion protein, this domain has 
been shown to reproduce the pharmacology of the intact GluR at least for 
members of the AMPA receptor subfamily. Unlike the PBP, however, the 
GluR ligand-binding domain does not clase down upon agonist, as 
monitored by small-angle X-ray scattering. Furthermore, when the peptides 
connecting the ligand-binding domain to the transmembrane segments are 
included in the construct, the resulting protein is highly elongated (axial ratio 
ca. 3:1), indicating that the transitional sequences are accommodated at the 
two ends of the molecule, distant from the putative ligand-binding site. A 
kinetic analysis of agonist binding to the soluble domain shows, however, 
that association and dissociation rates are comparable to those of the PBP, 
both qualitatively and quantitatively. As a result, we propase that the GluR 
ligand-binding domain has adopted a mechanism in which high affinity is 
achieved without substantial cleft closure, similar to that seen with the 
maltodextrin-binding protein. A disulfide bridge that is conserved across 
GluR subfamilies, and that is implicated in redox modulation of NMDA 
receptor affinity, may be responsible for inhibiting cleft closure. These 
findings have implications for the coupling of agonist binding and channel 
gating and desensitization. 
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Recombinant Expression of a Soluble Ligand Binding Domain 
from Glutamate Receptor Subunit GluR6 

Tim Green, Max Nanao,., Senyon Choe~, 
Stephen F. Heinemann & Yael Stem-Bacht 

Molecular Neurobiology Laboratory and '"Structural Biology Laboratory, Thc Salk lnstitute, 
La }olla, CA 92037, USA and toept. of Anatomy & Cell Biology, The Hebrew University -
Hadassah Dental School, Jerusalem, Israel. 

Our knowledge of the structure of ionotropic glutamate receptors is currently extremely 
limited. While a con~us topological model with three transmembrane domains and a 
re-entrant channel lining loop is now generally accepted, other questions, such as the 
receptor stoichiometry, remain contentious. In the absence uf an atomic resolution 
structure of an entire glutamate receptor, the best chance for a structure lies in the 
expression of receptor domains, as illustrated recently for the potassium channels. The 
ligand binding domain of ionotropic glutamate receptors is a good candidate for such 
work, as two non-contiguous domains, SI and 52, have been shown to be sufficient and 
necessary for ligand bind.ing. When joined by a short linker, 5152 polypeptides from the 
GluR2 and GluR4 subunits have been shown to be soluble, and to bind the appropriate 
ligands. 

We have similarly overexpressed the agonist-binding domain of the kainate-selective 
subunit GluR6 o.s a soluble polypeptic.le. The construct was generated in the baculovirus 
expression vector pFASTBac, and consisted of the signa! peptide from GluR6 to direct 
expression to the culture mP.dia, the Sl and 52 regions separiltcd by a short linker peptíde, 
anda hexa-histidine sequence added to the C-terminus to aid purification. The resulting 
GluR6SlS2 polypeptide is soluble, and runs as a monomer in gel filtration. The protein 
binds PHJ-kainate with nanomolar affinity, and this binding is displaced by the kainate 
receptor ligands CNQX, Domoate and Quisqualate, but not AMP A. The pharmacology is 
similar to that seen fur recomblnant GluR6 homomers expressed either in HEK293 cells or 
insect cells. The addition of tunicamycin reduces expression levels significantly, but the 
resulting polypeptide·lacldng sugar rcsidues is soluble, and still binds to kainate receptor 
ligands. Using a combination of affinity and ion-exchange chromatography we are able to 
purify several milligrarns of the GluR6 5152 protein p~r litre of culture medium. Thcs.c 
results demonstrate that the ligand-binding site of GluR6 is completely contained within 
subunits and that oligomerisation is not necessary for binding. · 
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MOLECULAR DETERMINANTS FOR AMPA RECEPTOR DESENSITIZATION. 

Yael Stem-Bach 1
, Sebastian Russo2

, Menahem Neuman 1
, and Christian Rosenmund 2 

1Dept. of Anatomy and Cell Biology, The Hebrew University-Hadassah School of 

Dental Medicine, Jerusalem 91120, Israel 
2Workgroup Cellular Neurobiology, Max-Planck-Institute for biophysical Chemistry, 

Am Fassberg, 37070 Goettingen, Germany 

Desensitization of the a-amino-3-hydroxy-5-methly-4-isoxazole-propionate (AMPA) 

subtype of ionotropic glutamate receptors is thought to shape synaptic responses and 

act as a neuroprotective mechanism at synapses in the central nervous system. 

Desensitization at the molecular level is poorly understood, however. In this study, we 

have analyzed the kinetic properties of chimeric receptors in which regions of the 

AMPA receptor subunit GluR3 are exchanged for the corresponding regions of the 

kainate receptor subunit GluR6. Glutamate receptors and chimeras were transiently 

expressed in HEK293 cells and desensitization was measured by application of lO mM 

glutamate onto outside-out patches using a rapid solution exchange system. 

Replacing the binding domain S l of GluR3 with the corresponding S 1 of 

GluR6 resulted in a fully active, but completely nondesensitizing receptor. 

Backsubstitutions of GluR3 sequences revealed three regions within S l that modified 

desensitization properties. Mutations in a region near the first transmembrane domain 

resulted in partía! block of desensitization. Another region in the N-terminal part of S l 

I'educed the rate of resensitization. Thirdly, a single ami no acid exchange in vicinity of 
' 

residues involved in glutamate binding, completely blocked the desensitization. 

Mutation at the same position hadan identical effect on other AMP A receptors. Further 

mutations indicate that this site interacts with residues either outside S 1 or with 

neighboring subunits. The close spatial arrangement of residues involved in binding 

and gating provides a structurallink between these two events. 

Supported by BSF (Y.S-B.) anda Helmholtz fellowship (C.R). 
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The predicted structure of the ligand-binding doma in of glutamate-receptor channels 

Yoav Paas, Molecular Neurobiology Laboratory, Department of Biotechnologies, Pasteur Institute, 

25 Rue du Dr Roux, 75724 París Cedex 15, France 

Receptors for neurotransmitters ha ve long been recognized as major targets for drug action. Yet, 

in al! cases, the drugs available today were developed on the basis of extensive structure-activity 

studies without any detailed knowledge of the three dimensional (3D) structure of their receptor 

targets. As these receptors harbour membrane-spanning segments in addition to their large hydrophilic 

ligand-binding and cytoplasmic domains, none of them has successfully been crystallized so far. 

Nevertheless, over the last decade, information regarding the primary sequences of many 

proteins has been accumulated. Detailed analyses of this information with the aid of the advanced 

computational technology led to the recognition that large proteins and in particular integral 

membranous receptors may be composed of individual domains with autonomous protein folding 

pattem. In addition, the availability of an ever growing number of protein structures, resolved at the 

atomic leve!, ha ve allowed the elucidation of the tertiary structures of protein domains by homology 

protein modelling. Attracted by this novel opportunity and by the subtle similarities in sequence 

pattems identified between glutamate receptors and bacteria! periplasmic substrate-binding proteins 

(PBPs), we and other research groups have undertaken to identify residues involved in ligand binding 

to glutamate-receptor channels (ionotropic GluR; iGluRs). Tbe latter being crucial actors in brain 

physiology and pathology. 

We embarked on a study that included: (!) photoaffinity labelling experiments and (2) an 

interplay between computer-assisted molecular modelling and comprebensive site directed 

mutagenesis followed by ligand-binding measurements. Consequently, we identified subsets of 

amino acids accounting for the binding free energies and specificities of the chick kainate binding 

protein (cKBP, a member of the iGiuR family) for two agonists, glutarnate (Glu) and kainate (KA) 

and the specific competitive antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). We also 

identified an extracellular motif involved in the binding of GTP to cKBP and showed that GTP 

competitively antagonizes electrophysiological responses elicited in Xenopus oocytes expressing 

recombinant N-methyl-D-aspartate (NMDA) and o:-arnino-3-hydroxy-5-methyl-isoxazole-4-propionic 

acid (AMPA) receptors. A 3D structural model was elaborated based on the templates available from 

the X-ray co-ordinates of two PBPs, the lysinelargininelomithine- and phosphate-binding proteins. 

lñis model structure delineates the microarchitecture of the predicted KNGlu-binding pocket that is 

engulfed by two PBP-like globular lobes. Tbe model structure is coherent and in agreement with the 

experimental results. Moreover, the residues found to be located at the predicted ligand-binding 

pocket of the cKBP model structure and that were implicated in ligand binding based on the 

mutagenesis studies are homologous with residues implicated in ligand recognition by other iGiuRs 

such as the NMDA receptor subunits NRl, NR2A and NR2B, the AMPA receptor subunit iGluRl, 

and the kainate receptor subunit iGluR6. 

A hypothetical dynamic modelthat may correspond to the molecular mechanism that couples 

PBP-like movements of the ligand-binding lobes to channel activation and desensitization of iGluRs 

will be presented. 
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Extracellular Domains of the AMPA Receptor 

Kari Keinanen, Arja Kuusinen, and Milla Lampinen. Viikki Biocenter, Department of 
Biosciences (Division ofBiochemistry), POB 56, FIN-00014 University ofHelsinki, 
Helsinki, Finland. (kari.keinanen@helsinki.fi) 

Ionotropic glutamate receptors are oligomers of homologous subunits of 900-1500 
amino acid residues. The N-terminal 550 residues and the 150-residue region between 
two membrane-associated segments, M3 and M4, are extracellularly located. The M3-
M4 segment (known as S2) and the 150 N-terminal residues adjacent to Ml (SI) form 
a bipartite ligand-binding site, whereas the functional role ofthe N-terminal400 residue 
segment ("X domain") is currently unclear. In order to gain insight into the respective 
functions of these domains, we have expressed and purified recombinant proteins 
representing the entire ectodomain (XS1S2), and the separate X domain and S1S2 
ligand binding domain ofthe GluRD AMPA receptor. In fi.ltration binding assay, both 
S 1 S2 and XS 1 S2 fusion proteins bind eH]AMP A with a high affinity and show very 
similar ligand-displacement pharmacology, indicating that the presence ( or absence) of 
the X domain has either no or only minor effects on ligand binding. The separately 
produced X domain does not bind radiolabeled AMPA or L-glutamate, but may fold toa 
native-like structure as suggested by its binding to a conformation-specific monoclonal 
antibody. In gel filtration and density gradient centrifugation, S 1S2 and X behave as 
monomers and XSIS2 as dimers. Our results are consistent with a modular structure for 
ionotropic glutamate receptor subunits, and should facilitate more detailed analysis of 
their structural domains. 
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"Biochemical and Crystallographic Studies ofGiutamate Receptor Ligand Binding 
Regions" . 

Eric Gouaux, Columbia University, New York. 

"Ionotropic glutamate receptors are important mediators of synaptic transmission in the 
vertebrate nervous system and are grouped according to their response to the agonists 
AMPA, kainate and NMDA. Based on the analysis ofthe amino acid sequence of 
iGiuRs, a long with a large number of genetic, biophysical and molecular modelling 
studies, it has been demonstrated that the ligand binding regían ofthe iGiuRs is 
composed oftwo discontinuous segments ofthe receptor polypeptide, the SI and S2 
regions. In an effort to determine relationships between iGiuR structure and function , 
we ha ve undertaken biochemical and crystallographic studies. Here we report the 
structure ofthe ligand binding core ofthe GluR2 receptor in complex with the agonist 
kainate." 
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Molecular Basis ofK+ conduction and Selectivity in Potassium Channels. 
Roderick MacKinnon, Howard Hughes Medica! Institute and Rockefeller University, 
1230 York Avenue, New York, NY 10021 email:mackinn@rockvax.rockefeller.edu 

Potassium channels are proteins that control the passive flow of K+ ions across cell 
membranes. This K+ flow is necessary for producing electrical signals in the nervous 
system, for goveming the rate at which our hearts beat, and for the secretion of specific 
hormones such as insulin. There are many different kinds of K• channels but they are all 
built on a common theme; al! have four identical subunits surrounding a central 
membrane-spanning pore. The pore is ion selective, ensuring that only K• (radius 1.33 

Á) and not Na+ (radius 0.95 Á) is permitted to enter and cross the cell membrane. The 
structure of a K+ channel from the bacterium Streptomyces /ividans has been determined 

using data to 3.2 Á resolution. The K+ channel has the appearance of a basket of a

helices surrounding a central pore that is coincident with a molecular four-fold rotation 
axis. The central helices of the basket hold the selectivity filter near the extracellular 

surface of the cell membrane. This filter is 12 Á long, is comprised of main chain atoms, 
and contains two ions in it. We propase that selective ion coordination is similar to that 
occurring in valinomycin and nonactin, but that clase spacing oftwo ions in the filter 
allows for mutual repulsion and therefore a high conductance. Below the selectivity 
filtéi, at the Cefl(er of the membrane, the pare dilates to create a cavity large enough to 
hold 60 to 100 water molecules. The cavity, together with four helices oriented with 
their C-termini directed toward the cavity center, can overcome the dielectric barrier 
facing a cation at the membrane center. These findings help to further our understanding 
of ion conduction through K+ channels. 
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STRUCTURAL REARRANGEMENTS UNDERL YING ACTIVA TI ON 
GA TING IN THE Streptomyces K~ CHANNEL 
Eduardo Perozo, D. Marien Cortes, and Luis G. Cuello. 
Department of Molecular Physiology and Biological Physics . University of 
Virginia. Charlottcsville, VA 22908 . 

The structure of the Streptomyces lividans K+ channel is now known at atomic 
resolution (Doyle et al., Science 280:69). While careful analysis of this three
dimensional model has established the structural basis for pern1eation and 
sclectivity in K+ channels, the picture is less clear regarding the molecular basis 
of gating. We ha ve pursued a systematic exploration of the structural properties 
of KcsA using site-directed spin labeling and EPR spectroscopy, looking to 
detect and characterize conformational changes associated with channel 
opening. Initial functional studies have shown that lowering the externa! pH 
promotes channel opening (Cuello et al, Biochemistry 37:3229), and that a large 
conformational change consistent with an opening of the interna! vestibule of 
the channel can be detected at selected positions of the interna! transmembrane 
helix TM2 (Perozo et al., Nature Struct. Biol. 5:457). Here, we extended these results 
by comparing the EPR signa! from spin-labeled KcsA cysteine mutants 
obtained at neutral or acidic pH. Three separate portions of the channel were 
studied: TM 1 (residues 26-49), TM2 (residues 90-120), and residues flanking 
the selectivity filter (externa! residues 81-83, interna! residues 72-74). The 
mutants were labeled with an MTS spin label and X-band CW EPR spectra 
were obtained from liposome-reconstituted channels at room temperature, using 
a loop-gap resonator. Secondary structure information was obtained from 
Fourier-transform periodicity analysis of position-specific environmental 
properties: probe mobility (.::lHo- 1

) and 02 and NiEdda accessibility parameters 
(IT02 and ITNiEdda). For each spin-labeled mutant, probe mobility, solvent 
accessibility and inter-subunit spin-spin coupling were detemüned at pH 7 
(closed state) and pH 3.5 (open state). Large conformational changes were 
detected on TM2 (particularly its C-ternünal end) and toa lesser extent in TMl, 
while the pare regions show little change in its ex.1racellular portian. Overall, 
these results are consistent with both rotational and translational movements ' in 
the transmembrane helices of the chaimel, and point to the cytoplasmic fuce of 
the channel as the site of the main open-closed conformation. (supported by NIH 

grants GM54690, GM57846 and The McKnight Endowmenl Fund) . 
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Conformational Changes and Subunit interactions in ion channel gating. 

Richard Aldrich 

Howard Hughes Medica! Institute and Department of Molecular and Cellular Physiology 

Stanford University Medica! School 

Stanford CA 94305 

Yoltage-gated ion channels and their relatives, such as cyclic-nucleotide activated 

channels, are functional tetramers of identical or similar subunits. Gating of these 

channels involves a high degree of cooperativity between the conformational changes in 

the subunits. We ha ve investigated the nature of subunit cooperativity in gating in the 

calcium and voltage gated potassium channel slo l. Calcium binding and positive voltage 

changes both increase the probability of channel opening, with a complex interaction 

between calcium and voltage effects, when determined macroscopically. Higher calcium 

concentrations shift the voltage-dependence of opening to more negative voltages with 

little change in the slope ofthe open probability versus voltage relationships. More 

positive voltages increase both the apparent affinity and Hill coefficients of the open 

probability versus calcium relationships. The channels can be activated by membrane 

voltage in the absence ofCa-binding, indicating that channels contain an intrinsic voltage 

sensor. These relationships can be explained by an allosteric gating model where calcium 

binding and voltage-sensor activation independently affect the equilibrium between 

closed and open conformations. This model makes severa! predictions about the kinetics 

and voltage dependence of macroscopic ionic currents, single-channel currents and gating 

currents. We have tested these predictions quantitatively and have found such a model to 

.,, provide an accurate description of gating. The model has allowed us to calculate the 

· i' .énergetic effects of calcium binding and voltage sensor activation on channel opening. 

An allosteric model for voltage-dependent gating provides sorne unusual interpretations 

of gating behavoior. For example, the relationship between gating charge movement and 

channel opeing is not fixed, the charge versus voltage relationships are different for open 

and closed conformations. Whether a similar mechanism for gating of purely voltage

gated channels, such as Shaker potassium channels, remains to be determined. 
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Tetrameric Assembly of Voltage-dependent K channels 

S. Choe 

The N-terminal, cytoplasmic tetramerization domain (TI) of voltage-gated K+ charu1els 

encodes molecular determinants for subfamily-specific assembly of channel subunits 

into functional tetrameric channels. Crystal structures of TI tetramers from Shaw and 

Shaker subfamilies reveal a common four-layered scaffolding. Within !ayer 4 near the 

hypothetical membrane-facing side of the tetramer, the Shaw TI tetramer contains four 

zinc ions near the TI pore at the tetramer center. Each zinc is coordinated by a histidine 

and three cysteines, a HX5CX20CC sequence motif of which is highly conserved 

among all Shab, Shaw and Shal subfamily members. But it is never found in Shaker 

subfamily members. Zn and characteristic residues in the tetrameric subunit interface 

are crucial elements to govern the channel diversity through subfamily-specific 

tetramerization. 
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Genetic Investigation of Potassium Channel Transmembrane 
Structure 

Dax:üel L. M~n.9!LJr., Susan J. Masseling, Y. N. Jan and Lily Y. Jan 
Howard Hughes Medica! Institute 

Departments of Physiology and Biochemistry 
University of California-San Francisco 

San Francisco, CA 94143-0725 

Inwardly rectifying potassium channels posses the simplest archltecture of 
known potassium channels. These channels are comprised of tetramers wherein 
each subunit contains only two transmembrane domains linked by an extracellular 
region responsible for monovalent cation selectivity (the P-region). We have 
developed a system for investigating the amino acid tolerances of the 
transmembrane domains (designated 'Ml' and 'M2') of the inwardly rectifying 
potassium channel IRKl. Yeast deficient for potassium transport (t..trkl,t..trk2) were 
used to screen for functional IRKl sequences from libraries of IRKl genes in whlch 
the transmembrane domains were subjected to extensive mutagenesis. A large 
number of functional sequences were isolated from these libraries. Analysis of the 
variation of allowed amino acid substitutions by Fourier methods suggests that Ml 
and M2 are indeed helical. Moreover, a clear segregation of allowed amino acid 
types occurs on the helical faces suggesting whlch regions of the helices are oriented 
towards protein-lipid, protein-protein and protein-water interfaces. We are 
currently using thls genetic data in conjunction with computational modeling to 
derive a testable model of potassium channel pore structure. 
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The Structure of a Mechanosensitive Ion Channel Homologue (MscL) fr·om 
Mycobacterium tuberculosis 

Robert H. Spencer: California lnstitute of Technology, Division of Chemistry, 147-75CH
Pasadena, CA. 91125 (USA). Tel.: (626) 395-8392. E-mail: spencer@ca1tech.edu 

The abi1ity to sense physical forces within our environment such as gravity, sound, or 
pressure is primarily mediated by a specialized class of membrane proteins known as 
mechanosensitive ion channels. 

Although scant information is available on the molecules mediating mechanosensation in 
eukaryotes, the large-conductance mechanosensitive ion channel (MscL) from prokaryotes 
has been relatively well-characterized. 

The MscL family is widely distributed among prokaryotes and may participate m the 
regulation of osmotic pressure changes within the ceiL 

In an effort to better understand the structural basis for the function of these channels, we 
ha ve determined the structure of the MscL homologue from Mycobacterium tuberculosis by 
x-ray crystallography to 3.5 A resolution. The channel is organized as a homopentamer with 
each subunit containing two transmembrane a-helices and a third cytoplasmic a-helix which 
assembles to forma helical bundle. 

At the extracellular side, an -18 A diameter water-filled opening leads into a funnel-shaped 
pore lined with hydrophilic residues which narrows at the cytoplasmic side to an occluded 
hydrophobic apex that may act as the channel gate. 

This structure may serve as a model for other mechanosensitive channels, as well as the 
broader class of pentameric ligand-gated ion channels exemplified by the nicotinic 
acetylcholine receptor. 
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Structure/Function Studies on Polypeptide Ion Cbannefs 
B.A. Wall.ace 

Dept. ofCrystallograpby, Birkbeck College 
Uoiversity of London, London, UK 

Polypeptides ha ve been useful as model systems for studying the structure and functions 
of ion channels. This papee will discuss two particular systems examined iu our lab. gramicidin 
and antiamoebin. 

Gramicidin is a polypeptide antJbiotic, consisting of 15 amino acids with altemating L
and D- amino acids, and is probably the bcst-5tudied iou channel to date in tenns of its structure 
and function. lt is a polymorphic molecule. forming several different types of dimeric structures. 
which have different functional properties. The helical dimer structures. known as the .. channel" 
forms. have been defined by NMR spectroscopy, while the double helical structures. also known 
as "pores", ha ve been characterized in severa! states (open. closed. blocked) by X-ray 
crystallography and NMR. The relationships between the different forms and how they 
interconvert have been well-characterized by CD spectroscopy. Comparisons between "mutanC 
molecules produced by peptide synthesis methods. have given insight into features important for 
its various functional properties. Most importantly, comparison ofthe crystal structure ofthe 
K+/gramicidin complex with the recently solved crystal structure ofthe S. lividans K~ channel, 
shows that despite the fuct that gramicidin contains D-amino acids, both use the same type of 
motif for binding ions in their central pore: the carbonyl groups of their polypeptide backbones. 
Thus. this suggests that studies with this relatively simple model ion channel may provide useful 
infonnation on ion channels in generaL 

Recently we have determined the crystal structure of a 16-residue peptaibol, antiamoebin 
l, which exhibits membrane-moditying activity, but does not haemolyze erthyrocytes. lt is a 
helical molecule, which has a deep bend in the middle resulting from the presence ofthree imino 
acids. This bend is larger than has been found for any other pepaibol studied to date, and has 
important consequences for the dipole moment and length ofthe mo)ecule. Functional studies 
have shown that antiamoebin can act as both a channel and carrier, perhaps the first instance of 
this dual functionality in a ttansport molecule. CD studies have shown that the crystal structure of 
this molecule is very similar to the structure it adopts in phospholipid bilayers and so has 
permitted us to propose model multimeric structures for both the channel and carrier forms. 

In summary, ion channels with very different structures can be fonned by polypeptides, 
and these ha ve proved to be of considerable value in understanding the underlying principies of 
ion transport across membranes. 

Refereoces: 

Doylc. O _ and Wallace. B.A. (1997) Thc Crystal Structwe of a Gramicidin/ Potas.sium Thiocyanatc Complc:x. J. Mol. 
Biol. 266:963-977. 

Dudohicr, H., Snook. C.F.. and Wallace. B.A (1998) Anñamoebin can function as a canier o r as a porc-foriming 
peptaibol. BBA in press. . . 

Chcn, Y., Tucker, A., and Wallace. B.A. (1996) Solurion Suucture ofa Paralld Left-handed Double Helical 
Gramicidin-A Determined by 20 1H NMR. J. MoL Biol. 264:757-769. ' 

Snook. C .. Oliva, G ., Pattabhi, V .. Wood, S., BlundeU, T .. and Wallaee. B .A. (1998) Thc Suucrure of Antiamocbin_ a 
PTO!ine-Rich Membrane-Active Polypeptide. Structure 6:783-792. 
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Th•·cc-Dimcnsional Stn1cturc of a Rccomuinant Ca1·diac Gap Junction 
Channcl at 7.5Á Rcsolution uy Elcctron C.-yo-Crystallography 

Vinzenz M. Unger. *Dan W. Entrikin, *Na/in M. Kumar, "'Norton B. Gilufa * and Mark Yecger*# 

*Th.: Scripps R.:s.:arch lnstitutc, D.:pa1tm.:nt of Ccll Biology and 
#Scripps Clinic, Division of Cardiovascul ar Dis.:ascs. La Jolla. CA 92037 

Gap junction mcmbranc channds dircctly conncct thc cytoplasms of adjaccnt ccll s and Úlcr.:by mcdiatc int.:rccllular 

cleclrica l and mclabolic coupling. Thc principal gap junction prolcin in lhc hcat1 is n 1 conncx in (Cx4 3 ). CHrdiac gap 

junclions pl ay an impottant fw1clional role by elccltically coupling adjacenl cclls, U1cr.:by organizing Úl<: pallcm uf cum:nl 

lluw lo allow a coordinatcd conlraclion of thc musck. Thcy are Ú1crefon: inlimatcly in volved in Úle nonnal coordinalcd 

dcpolarizatiun ofhcart muscle as well as cardiac arrhyUmlias causing suddcn dcalh. 

l'n:vious analyses oftwo-dimensiotlal (2-0) ctystals of gap junclions from cndogenous sources were limilcd lo 15-20A 

rcsolulion, pn."Sumably duc to !he existcnce of mulliplc COtmexins and ditferenl degrees of posl-lranslationalmodificalion 

in gap junctions isolated from heart or livcr tissue. To obvia le lhcsc problems, a lnmcaled fonn of the cardiac gap junction 

prolein Úlallacks mosl ofú1e large C-tem1inal domain (dcsignalcd n 1Cx-263T) has becn exprcssed in stably lransfccled 

BHK cells. Frecze-fracture and negalive stain electron microscopy d~-n1 o n s 1raled thal recombinant n 1Cx-263T as.<;embles 

with lhc characleri stic morphology of gap junclions and fonns small 2-0 crystals in vivo. The c•ystallinily was improvcd 

by extracling an cru·ichcd membrane fraclion wilh Tween20 and Dl-lPC. lmagc analysis of compulcd diffraclion revcaled 

lhal the he.<l cryslals were cohercnl ovcr severa! hundrcd unit cells, and U1c hexagonallaltice manifestcd p6 planc group 

'ymmclJy (a = b = 79.4±0.3Á wilh y= 119.8±0.2"). 

Electron cryo-microscopy and image analysis offrozen-hydrated 20 crystals yielded a projection map al 7A resolulion 

U1a1 displayed a ring of transmembrane a-hdiccs thatlincs the aqucous pore anda second ring of a-helices in closc contacl 

wiú1 !he membrane lipids. The disltibution of densilies allowed us lo proposc a modcl in which !he two apposing cotmexons 

U1a1 fonn ú1e channel are staggered by-30°. F urú1ennore, apparcnt non-<:rystallographic lwofold axes predicted thal ú1e two 

apposing conncxons adopt idenlical conforrnations. 

We have now recorded images oftilted, frozen-hydrated 20 crystals, and our current30 map has an in plane resolution 

of - 7.5A anda vertical resolution of -25A . To our lcnowledgc: this is !he firsl example where structurc analysis of a 

mc:mbranc: protc:in has been accomplished using microgran1 amounts of recombinanl starting material. The dodecameric 

channel is about 150A in length with a diameter of -65A within !he membranes and -55 A in fue extracellular gap. The 
intercellular channel is fonned by !he end-to-end docking of two hexameric connexons, each of which displays 24 rods of 

density in !he membrane interior, consisten! with an a -helical conforrnation for !he four transmembrane domains of each 

subunit. The closely packed, transmembrane a-helices merge with a continuous ring andares of density in U1e e"tracellular 
gap. The extracellular veslibule is bounded by a continuous wall of prolein that provides a conduil for intcrcellular 

communication and also fonns a tight sea! that is essential for excluding exchange of substances with ÚlC extracellular milieu. 

We anticipate that this molecular design will be a common folding moliffor !he family of gap junclion ch31U1els. 

Sclcded rcfcrcnces: 
Y eager, M. and Nicholson, B.J. Structure of Gap Junclion lntercellular Channels. Curr. O p. Struct. Bio/. G: 

(1996). 
183-192 

Unger, V.M., Kumar, N.M., Gilula. N.B., and Yeager, M. Projection Structureofa Gap Junction Charu1el al 7A 

Resolulion . Nature Struct. Biol. 4: 39-43 ( 1997). 
Y eagc:r, M. Structurc of Cardiac Gap Junction lnlercellular Chrumcls. J. .)/ruct. Biol. 121: 23 1-245 ( 1998). 

Ycagcr, M .. Unger, V.M., and Mitra, A.K. llrree-Oimcnsional Structurc ofMcmbranc Prolcins Octcnnincd by Two-

Dimensional Crystallization, ElcclrO!l Cryomicroscopy, and lmagc Analysis. Methods in Enzymol. 294 : 135-180 

(1 999) 
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THE VENUS FL YTRAP FUNCTION AND TETRAMERIC 

STRUCTURE OF AN AMPA RECEPTOR CHANNEL 

Vivian Teichberg 

Dept. of Neurobiology 

Weizmann Institute of Science 

Rehovot, Israel 

Studies carried out with the GluRl subtype of AMPA receptor and on 

sorne of its bilobated ligand binding domain mutants suggest that the 

ligand-induced activation and desensitization of the receptor are 

processes tightly linked to the dynamics ofthe interlobe interactions. We 

have described these interactions metaphorically as a venus flytrap-like 

mechanism. I will briefly discuss this functional model as well as the 

data I. Mano and myself have obtained to propose that the quatemary 

structure of the AMP A receptor is tetrameric 
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ACETYLCHOLINE RECEPTOR: APPROACHING ATOMIC RESOLUTION. 

A. Miyazawa+, Y. Fujiyoshi"', M. Stowell+ and N. Unwin+ 
+ MRC Laboratory ofMolecular Biology, Cambridge 
"' Kyoto University, Kyoto 

We are investigating the structure of the nicotinic acetylcholine receptor in the closed
channel form by electron microscopy of tubular crystals of Torpedo postsynaptic 
membranes embedded in amorphous ice. The analysis is being conducted on images 
recorded at 4°K with a 300 kV field emission source. The present resolution is about 
4.6A, making it possible now to see clearly the inter-chain periodicity of beta-sheet in 
sorne regions of the structure. We can also observe the main functional components of 
the ion channel with better definition than was previously possible at 9Á resolution. 
The results provide new insight into the molecular architecture of the receptor and 
physiological properties ofthe postsynaptic membrane. 
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Molecular interactions in the gating of cyclic nucleotide-gated channels 

William N. Zagotta. University of Washington. Howard Hughes Medica! ln~titute 

Phone: 206-685-3878. Fax: 206-543-3598. Email: zagotta@u.washington.edu 

Cyclic nucleotide-gated (CNG) ion channels of retina! photoreceptors play a 

fundamental role in the response to visual stimuli by converting the chemical signa! that 

the cyclic nucleotide concentration has changed into an electrical signa!. The NH2-

terrninal domain and the COOH-terrninal cyclic nucleotide binding domain of bovine 

rod CNG channels (BROD) have been shown to be involved in the allosteric transition, 

but the sequence of molecular events occurring during the allosteric transition is 

unknown. We have recorded single-channel currents from BROD channels in which 

mutations have been introduced in the binding domain at position 604 and/or the rat 

olfactory CNG channel NH2-terminal auto-excitatory domain has been substituted for 

the BROD NH2-terrninal domain. Using a hidden Markov model (HMM) approach, we 

analyzed the kinetics of the allosteric transition in these channels and determined the 

effects on the energy profile for the allosteric transition for these mutant channels 

activated by cGMP, ciMP, and cAMP. We find that mutations at position 604 in the 

binding domain alter both rate constants for the allosteric. transition, indicating that the 

interactions between the cyclic nucleotide and this amino acid are partially formed at 

the time of the transition state. In contrast, the NH2-terminal domain affects primarily 

the closing rates for the allosteric transition, suggesting that the state-dependent 

stabilizing interactions between NH2-and COOH-terrninal domains form after the 

channel has switched to the activated conformation. We propose that the sequence of 

events that occurs during the allosteric transition involves the formation of stabilizing 

interactions between the purine ring of the cyclic nucleotide and the amino acid at 

position 604 in the binding domain followed by the forrnation of stabilizing interdomain 

interactions. Instituto Juan March (Madrid)



45 

A molecular switch for glycine-glutamate binding cooperativity in the 

NMDA receptor 

A. Villarroel. Instituto Caja! CSIC. Av. Dr. Arce 37. 28002 Madrid, SPAIN. 

av@cajal.csic.es. Phone: (34) 91 585 47 06. Fax: (34) 91 5·85 47 54 

The NMDA ionophore-receptor complex has the unique property of requiring the 

simultaneous binding of two different agonists, glycine and glutamate, to open its 

intrinsic cationic channel. Although the binding sites for glycine and glutamate are 

segregated into the NR1 and NR2 subunits, respectively, there is a reciproca! influence 

on the apparent binding affinity of one ligand by the other agonist, indicating that both 

binding sites interact functionally. We have localized a region inserted into the proximal 

N-terminal S 1 binding domain that plays a critica! role in this allosteric coupling. Three 

dimensional molecular modelling indicates that this regi_on is not involved in ligand 

binding and forms a sol u te accessible loop protruding out of the binding pocket, making 

it suitable for short-range interactions between adjacent subunits. 
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Mulaliollil within the pore affect the high-affinity zinc inhibition of NMDA 
NR1-NR2A receptors. 

J. Neyton and A. Fayyazuddin, Laboratoire de Neurobiologie, CNRS URA 
1857, Ecole Normale Supérieure, Paris, France. 

We have recently shown (Paoletti et al, 1997, J. Neurosci 17: 5711-5725) tl1at 
Zn2+ ions specifically inhibit witl1 a very high affinity recombinant NMDA 
receptors contairúng NR1 and NR2A subunits. This inhibition is voltage
independent and observed in the presence of saturating doses (100 ¡.tM) of the 
two coagonists glutamate and glycine. Zn2+ inhibiting effects therefore involve 
that they participate to a decrease of the efficacy with which agonist binding 
leads to NMDA channels gating, and identifying t:he molecular determinants 
of the Zn2+ inhibition should help understanding the molecular mechanism 
involved in the gating of ligand-activated channels. We have found that 
several mutations within the TM2 reentrant loop of the NR1 subunit (a 
structure assumed to participate to the selectivity filter in glutamate receptors) 
markedly affect Zn2+ inhibition of recombinant NR1/NR2A NMDA receptors. 
The Zn2+ inhibition is weakened by mutations at hvo positions (W590 and 
N598), whereas it is strengthened by mutations at hvo otl1er positions (G594 
and E603). These residues are presumably located either deep in the pore or in 
the inner vestibule of the channel, and it is very unlikely that they participate 
to the Zn2+ binding site. The phenotypes of the mutations rather point toward 
an involvement of the corresponding residues in the final steps of the gating 
process. 
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THE KAINATE RECEPTOR: AN ION CHANNEL BECOMING A METABOTROPIC 
RECEPTOR 

J. Lerma, A. V Paternain., A. Rodríguez-Moreno and O. Herreras 
Instituto Caja!, CSIC, 28002-Madrid, Spain. 

Despite the identification of severa! subunits of the kainate receptors, these receptors 
have been rather elusive and their function remains enigmatic. To get an insight into the 
function ofthese receptors in brain physiology, we have carried out studies in cultured neurons 
and hippocampal si ices. The onset of desensitization of native receptors is rapid while recovery 
is slow and agonist-dependent. In neurons, the concentrations for half activation and half 
inactivation differ by two orders of magnitude such that the maximum response to a maintained 
concentration of glutamate is small, and the dose response curve bell shaped. Under complete 
block of other glutamate receptors, kainate induces a reduction in the effectiveness of 
GABAergic synaptic inhibition. Kainate increased synaptic failures and reduced the frequency 
of miniature IPSC, indicating a presynaptic locus of action. In vivo experiments, using brain 
microdialysis, demonstrated that kainate reversibly abolished inhibition and induced an 
epileptic-like EEG activity. The results indicate that kainate receptor activation downregulates 
GABAergic inhibition by modulating the reliability of GABA synapses. We ha ve found that 
regulation of GABA release by kainate receptors is independent of ion channel activity but 
involves the activation of Phospholipase C and Protein Kinase C through a Pertussis toxin
sensitive G-protein. In addition, it can be demonstrated that the two function modes of kainate 
receptors are independent. As ion channels, their activation depolarize the membrane, bringing 
the neurons to repetitively fire. This action remains after G-protein blockade by treating slices 
with Pertussis toxin (PTx). In contrast, the ability to modulate GABA release disappears in 
PTx-treated slices. These results provide strong support for the functional coupling of kainate 
receptors to a second messenger signaling cascarle, in other words, for the metabotropic action 
of ionotropic glutamate receptors in the brain and indicate the existence of kainate receptors 
with different signaling mechanisms. One type would be located in the somato-dendritic 
compartment and act as ion channels. The other should localize to inhibitory presynaptic 
terminals and be coupled to a second messenger cascarle. Both promote hyperactivity of 
hippocampal neurons and may be responsible for the strong epileptogenicity of kainate and 
related compounds. 
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Regulation by second messengers ofhuman-erg K+ channel gating after activation of 

phospholipase C-couplcd rcccptors 

Barros, F.; Giráldez, T.; Gómez-Varela, D.; Viloria, C.G.; de la Peña, P. 

Departamento de Bioquímica y Biología Molecular. Facultad de Medicina. Universidad de 

Oviedo. E-33006 Oviedo, Spain. 

Modulation of K+ channel function constitutes an imporlant system for control of cell 

excit.ability. Regulation of an inwardly rectifying K+ current constitutes a main control point of 

electrical activity in adenohypophysial cells (Barros et al. (1994) Pflügers Arch. lli, 221-230). 

Such a regulation is exerted by a phosphorylation mechanism specifically reverted by protein 

phosphatase 2A (Barros et al. (1993) FEBS Lett. 3..3.6., 433-439). Recent results from our 

laboratory indicate that the K+ current is mediated by a human '-ther-a-go-go-.r.elated l!ene 

(HERG)-Iike K+ channel (Barros et al. (1997) Pflügers Arch. ill, 119-129). By co-expressing 

HERG channels and phospholipase C-activating hormone receptors in Xenopus oocytes we 

found clear alterations in HERG activation and deactivation kinetics in response to receptor 

estimulation. Neither the inactivation nor the inactivation recovery rates were altered in the 

presence of receptor agonists. Acceleration of channel closing and slow down of activation ata 

given voltage is the dominant effect detected after hormonal treatment. These kinetic 

alterations are due to the operation of a protein kinase C-dependent phosphorylation pathway. 

However, opposite effects to those induced by protein kinase C activation were caused by 

increases in intracellular Ca2+ Ievels. It is concluded that stimulation of phospholipase C

coupled receptors can ha ve a dual regulatory effect on HERG channel gating. This provides a 

mechanism for the physiological regulation of cardiac function and for modulation of 

adenohypophysial neurosecretion in response to this type of receptors. 
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EXTRACELLULAR Ca2+ MODULATES THE aZl HOMOMERIC 
GL YCINE RECEPTOR FUNCTION. 
S. Fucile, B. David-Watine and P. Bregestovski 
fNSERM U261, lnstitut Pasteur, 25, rue du Dr. Roux, 75724 París, 
France 

Calcium ions modulate the function of many cellular processes, 
including voltage-gated and receptor-operated ionic channels. In this 
study we investigated the effects of extracellular Ca2+ ([Ca2+]0 ) on the 

functional properties of the recen ti y cloned aZ 1 subunit of zebrafish 
glycine receptor (aZI GlyR) expressed in the human cell line BOSC23 . 
Whole-cell recordings showed that the removal of [Ca2+]0 (i) inhibited 

glycine-activated CI- currents in a dose-dependent manner, reducing the 
apparent affinity for glycine 3-fold; (ii) depressed sensitivity of aZI GlyR 
to voltage. lncreasing of intracellular Ca2+ buffer capacity (from 0.5 to 1 O 
mM BAPT A) had no effect on the inhibition, suggesting that the 
cytoplasmic domain is not involved in this modulation . 

Single channel analysis revealed that removal of (Ca2+]0 modulates 

gating kinetics inducing the appearance of multiple intraburst closures. 
The double mutation El91A-El92Q strongly diminished the effect of 
[Ca2+]0 on GlyR affmity, but did not interfere with the (Ca2+]0 

modulation of voltage dependence. Single channel kinetics of mutated 
receptors in 2 mM [Ca2+] 0 were similar to that of wild type in Ca2+-free 
medium. 

Our results suggest that extracellular calcium interacts with N
terminal domains ofthe aZl GlyR, through two functionally distinct sites: 
one involved in voltage-dependent modulation, the other coupled , to 
ligand binding. 
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Molecular determinants of ion permeation and agonist-gating 
in GABAA receptors. 

Brett A Cromer, Peter W. Gage and Graeme B. Cox 

Mnnbrane Binlogy Program, John Curlin Sclwol of MediCJ<l Research, 
Australú:m Nationa.l University 

The GABAA receptor is an anion selective ligand-gated ion channel responsible for the 

majority of post-synaptic inlúbitory currents in the central nervous system. It is a member 

of the Cys-loop superfamily, whlch includes the nicotinic acetylcholine receptor (AChR). 

There is good evidence that rnembers of thls superfanúly are pentameric, with a central 

ion channellined by the same face of M2 helices from each subunit. On this face of M2, 

polar hydroxylated residues at the 2' position {or "central ring") are significant 

determinants of conductance in AChRs and are thought to be in the narrowest region of 

the open channel. 

To investiga te the involvernent of M2 polar side,hains in ion permeation through GABAA 

receptors, we have removed the polar groups by mutation of polar residues to smaller 

non-polar residues. In GABAA receptors cornposed of al and p 1 subunits, whlch lack 

polar residues at the 2' position, we found that be removal of all polar groups from the 6' 

position abolished ion chattnel activity, without affecting the level of assembled receptors 

in the plasma membrane. A polar sidechain at the 6' position of either subwlit was 

sufficient for ion channel acti.vity to be retained. In a1Pl-y2s GABAA receptors, however, 

the removal of polar groups from the 6' position in all subunits did not completely 

eliminate ion channel activity. The remaining channel activity was abolished by the 

further removal of a polar group at the 2' position, present only in the r subunit. Ion 

channel activity, abolished by removal of all polar groups from the 6' position of alPl 

GABAA receptors was restored by mutation of p(A2'S), adding a polar group at the 2' 

position. Taken together these data indicate that ion channel function requires polar 

sidechains at the 2' or 6' position, but a polar sidechain at either position and in any 

subunit type is sufficient to satisfy this requir~ment. The simplest explanation for this 

reqirement, consistent with earlier evidence that1:hese residues line the channel, is that the 

polar sidechains interact directly with perrnearit ions and provide a vital step in the ion 

.permeation pathway. 

W~ ha ve also carried out mutagenesis of conserved residues in Ml and the loop between 

1M2 and M3. Severa! of these mutations elirninate agonist-activated channel activity 

without affecti.ng agonist binding. These effects are strongly dependent on the subunit 

type mutated which, considering the location of these residues, is more consistent with a 

disruption of the coupling between agonist-binding and channel opening than a 

disruption of ion permeation directly. The majar effect is caused by mutations in the a. 

subunit, indicating that this region of the o. mbunit is particularly important in the 

coupling of agonist-binding to channel activatio ~·. 
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BIOCHEMICAL CHARACTERIZA TION OF NMDA RECEPTORS 
PRODUCED IN AN HETEROLOGOUS CELL SYSTEM USING 
V ACCINIA VIRUS 
Margarita Díaz-Guerra, Mónica García-Galio, andJaime Renart. 

Instituto de Investigaciones Biomédicas" Alberto Sois". CSIC-UAM. Arturo Duperier, 4. 

28029-Madrid. Spain. 

We have recently developed a highly efficient expression system based on 

infection/transfection of Human Embryonic Kidney 293 cells with vaccinia virus to 

produce functional N-Methyl-D-Aspartate (NMDA) receptors containing NR1 and NR2A 

subunits which sustain calcium influxes dependent on receptor agonists and inhibited by 

receptor antagonists. The en trance of calcium through these recombinant receptors induces 

delayed toxicity, demonstrated by approximately a three-fold increase in the number of 

dead cells obtained 12 hr after antagonist 2-amino-phosphopentanoic acid (DL-AP5) 

removal from the culture, and by more than 88% inhibition in the expression of a 

Iuciferase reporter gene observed 24 hr after DL-AP5 removal. Calcium toxicity can be 

complete! y abolished by specific antagonists of the NMDA receptor. 

Subcellular fractionation and immunocytochemistry demonstrate that the recombinant 

receptors are properly arranged in membrane structures where NR1 and NR2A subunits 

colocalize. Physical interaction of the subunits has been demonstrated by 

immunoprecipitation of each subunit with antibodies specific for the other one. Pulse

chase experiments have shown a similar half-Iife of approximately 12 hours for both 

subunits, and a shift in the mobility of NR1 after de novo synthesis that is due to sorne 

modification in the carbohydrates of this protein. Preliminary results suggest that NR2A 

only interacts with the mature form of the NR1 subunit 

In experiments where NR1 or NR2A where expressed alone, we did not observed 

any difference in cellular localiz.ation, stability or maturation of the subunits compared to 

results obtained in cells transfected with genes coding for both proteins. 

Treatrnent of cell extracts with N-glycosydase F showed that both receptor subunits 

are N-glycosylated. In our expression system, tunicamycin prevents calcium toxicity and 

protection is likely dueto specific and very fast degradation of the NRl subunit We are 

currenüy characterizing other toxic and metabolic insults which, as tunicamycin, also 

perturb function of the endoplasmic reticulum (ER stress) to analyze if they similarly 

induce degradation of NRI. Data conceming the mechanism of NRl proteolysis will be 

also presented. 
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Design of a Synthetic, Sodium-Conducting Channel that Functions 

in a Phospholipid Bilayer Membrane 

Stephen L. De Wall, Eric S. Meadows, Ciare L. Murray, 
Hossein Shabany, and George W. Gokel* 

Bioorganic Chemisrry Program and Depc. of Molecular Biology & Pharmacology 

Washington Uniuersity School of Medicine, 660 South Euclid Aue .. Box 8103 Se. Louis, MO 6311 O U .S.A. 

A family of tris(macrocycle)s was designed de novo to function as cation channels in 
phospholipid bilayers. Four structural features were judged at the outset to be critical 
and were incorporated into the design. First, crown ethers were chosen to function as 
headgroups and portals through which cations would enter and exit the channels and, 
in turn, the membrane. Second, a central "relay" unit was thought to be required as a 
polar "way-station" to accommodate the transient cation and water in the least polar 
segment of the bilayer. Third, the "portal" macrocycles were separa red from the central 
relay by dodecyl chains. This made the effective portal-relay distance 12-14Á. The ex
tended central macrocycle, parallel to the lipid axis and perpendicular to the distal mac
rocycles is -6Á between nitrogen atoms making the overall extension 30-34Á. This dis
tance corresponds well with the typical "hydrocarbon slab" thickness in phospholipid 
bilayers. Fourth, flexible sidearms were incorporated on the opposite "side" of the chan
nel to provide "coverage" for the transient cation. 

Cation flux was assessed by fluorescence measurements (He). dynamic 23Na-NMR (Nae). 
and by planar bilayer conductance (pbc) techniques (Nae, Ke). Using the 23Na-NMR 
method, sodium transpon in a pc/pg lipid bilayer was found to be -25-30% that ob
served for the peptide channel-former gramicidin. Numerous control experiments were 
conducted to eliminare the possibility of detergent effects, a simple carrier mechanism, 
and differential solubility. Fluorescence techniques were used to (1) establish headgroup 
position and (2) aggregation number. Blockage of the channel pore by hydrogen bond 
formation was also demonstrated. The overall structure as it is currently believed ro exist 
is represented in the figure below. 
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ROLE OF ATP IN EXPERIMENTAL HYPERTENSION 
Guitart M Badia A, •Goñalons E. Dept. Farmacología i Terapeutica. Facultat de 
Medicina. •Dpt. Biología i Fisiología Animal. Faculta/ de veterinaria: Universitat 
Autónoma de Barcelona. 08193 Bella/erra. Barcelona. Spain. 

One of the most extensively investigated examples of cotransmission has been the 
rodent vas deferens. In rat vas deferens, the electrical field stimulation (EFS) produces a 
biphasic contraction ofthe smooth muscle.The initial peak is mediated by ATP and the 
second, slower contraction, by noradrenaline (NA). In vas deferens, ATP and NA 
appear to activate separate transduction mechanisms to produce contraction. Activation 
of P2-purinoceptors by A TP produces depolarisation of the muscle, manifested as an 
excitatory junction potential, or EJP. Trains of EJPs will summate to produce action 
potentials that result in an in flux of calcium through voltage-sensitive channels, leading 
to the initial, rapid contraction. NA, however, does not appear to contribute significantly 
to the nerve-mediated membrane depolarisation; a 1-adrenoceptors stimulation mediates 
the slow phase of the neurogenic contraction by generation of second messengers, 
which are able to release calcium from intracellular stores. Without stimulation, it is 
possible to register spontaneous excitatory junction potentials (SEJP) produced by 
spontaneous release of ATP in the synapsis.It has been documented that spontaneously 
hypertensive rats (SHR) can be used as a pathophysiological animal model for human 
essential hypertension. These animals show an hyperreativity of the smooth muscle 
when that is assossiated with a general modification of the adrenergic mechanisms. In 
the present study, we re-investigate the purinergic contribution to hyperreatctivity by 
intracellular recording in the prostatic end from vas deferens ofSHR i WKY animals. 

The prostatic end of vas deferens from SHR and WKY animals was pinned in a 3 mi 
recording chamber perfused continuosly with a physiological solution. The tissue was 
excited by EFS and intracellular recording from smooth muscle cells were made by use 
of borosilicate filament microelectrodes coupled to an amplifier and displayed on a 
computer. 

The resting membrane potential in SHR was significantly lower than WKY animals, 
and it was not affected by the addition in the medium of selective a 1-adrenocetor or P2x
purinoceptors antagonists. In smooth muscle cells from SHR and WKY animals, SEJP 
were recorded in the absence of stimulation, and EJP after EFS. EJP, but not SEJPs, 
were abolished by terodotoxin 1 J.lM indicating that the first ones were mediated entirely 
by sympathetic nerves while SEJPs were independing from nerve stimulation. In 
general, the amplitude of EJPs and SEJPs was greater in SHR than WKY. SEJPs; in· 
SHR animals, appeared more frequently with a width rank of amplitudes (Preliminéil)' 

1 
results). 

lt is concluded that the contribution by ATP to hypersensitivity in vas deferens exists .. 1. : 
although the effect of exogenous ATP is similar in both groups of animals. So, it should ·t-. i· .. 
be kept in mind the possible role of calcium channels in the changes of responsivenes~ . .. 
in smooth muscle ofhypertensive animals. · . '' ·· :' · 
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BINDING SITE DOCKING OF THE WILLARDIINES IN THE 

ACTIVATION AND DESENSITIZATION OF THE GLURI SUBTYPE OF 

AMPA RECEPTOR. 

Pablo Kizels1teio aod Vivían. 1 Teicbberg, Department of Neurobiology, The 

Weizmann Institute of Science. Rehovot 76100, Israel 

To gain a beuer understanding of the process by which glutamatergic agonists bind to 

an ionotropic glutamate receptor charutel and cause its activation and desensitization, we 

carried out a systematic study of the interactions of a set of desensitizing Jigands with wild 

type GluR 1 and with four mutants of its ligand binding domain E398Q, Y 446F. L646A and 

S650V using the Xenopus oocyte expression system and two eleclrode voltage clamp 

measurements. The agonists selected were the willardiines since they differ cheliÚcally only 

by the nature of their 5' substituent H-, F-, Br-, 1- while causing different extents of 

desensitization, and because they are the only glutamatergic agonists for which systematic 

strucrure-function relationships can be established. 

To interpret our results in terms of Gibbs free energies of interactions, we calculated 

apparem .10 values as l1Gapp := -RTinECso and the contribution to the ligand interactions of 

each mutated amino a.cid residue was defioed as MG = f1G(WTG1uR 1) - óG(mutGiuR 1) 

expressed in Kcal/mole.The specific contributions of a given amino acid of the binding 

domain to the receptor-ligand interactions were detcrmined by using the double mutant cycle 

method. Jn the latter, pairwise interactions are studied by "removing", one at a time, one of 

the componeDts of the interaction. In the case of the willardiines, the intera.ctions of the ligand 

binding residues are srudied by mut:ating, one at a time, each of the amino acid binding 

residues while the effects of substituting within the willardiine structure the 5' moiety, F to 

H, Br to H and 1 to H, are measured. The amplitude and sign of !he coupling energies 

provide information on the existence of favorable or unfavorable interactions between the two 

intera.cting components under investigation. 

Our results suggest that positional rearrangements of the Jigand binding residues 

wi!hin · tbe binding domain occur in arder to accomodate the various willardüncs. 

Furthermore, each willardiine has an unique mode of interaction that differs in the active 

conformation of the receptor from that prevailing in its desensitized conformation .. This 

interpretarían might a.ccount for the fact that the various willardiines desensitize the GluRl 

channel complex to different extents . Inspection of the values and sign of the coupling 

energic:S allows also to propase a possible mode of docking of the willardiines within !he 
binding domain_ Instituto Juan March (Madrid)
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Conversion of the ion selcctivity or the the 5-HTJ receptor from cationic to 
anionic: a conserved fea tu re of the ligand-gated ion channcl family? 

M.I. Gunthorpe, EJ. Fletcher and S.C.R. Lummis, Neurobiology Division, MRC 
Laboratory of Molecular Biology, Hills road, Cambridge and Department of 
Biochemistry, University of Cambridge, Tennis Court Road, Cambridge CB2 1QW, 
U K. 

The 5-HT3 receptor is a ligand-gated ion channel which together with the nicotinic 
acetylcholine (nACh) , GABA and glycine receptors forms an ion channel 
superfamily. These receptors are pentameric assemblies of subunits arranged around 
an axial channel. Each subunit is thought to consist of four transmembrane domains 
(Ml-M4) with M2lining the wall of the channel. Galzi and co-workers (Nature, 
359, 500; 1992) identified regions of the channel that on mutation con verted the ion 
selectivity of the a7-nACh receptor from cationic to anionic. To investiga te whether 
the 5-HT3 receptor possesses similar determinants of ion selectivity, we generated 
equivalen! mutations (see figure) and assessed changes of the properties of the mutant 
receptors using whole cell patch clamp. 

WTS-1-IT3 R 
MUTANf 

DSG ERVSFKITLLLGYSVFLIIVSDTLP 
---PA-------------T----------

Primary sequence of M2 and flanking regions of the 5-HT3 receptor. Dashes represent 
unchanged amino acids. 

The coding sequence of the 5-HT3 receptor was subcloned into the expression vector 
pRc/CMV. Mutants were generated by site-directed mutagenesis, stably expressed in 
HEK293 cells and characterised using whole cell patch clamp. For ion selectivity 
experiments cells were voltage clamped over the range -80 to +40mV and the peak 
current evoked by lOmM 5-HT determined in the presence of normal extracellular 
solution (EC; 140mM NaCI, 2.8mM KCI, 2.0mM MgCI2. l.OmM CaC12. 30mM 
glucose, lOmM HEPES, pH 7.2.), 50% NaCI-mannitol (0.5NaCI; as EC except 
65mM NaCI, 130mM mannitol) and NaCI-Isethionate solutions (Na-Ise; as EC except 
15mM NaCI, 115mM Na lsethionate). Curren! voltage plots were constucted and the 
reversa! potential for the wild type (WT) and mutant receptors determined in each 
solution. 

The mutant receptors responded to 5-HT, although with a higher affinity (EC50 = 0.24 
± 0.03¡.tM, n=5) than WT receptors (EC5o= 2.18 ± 0.13¡.tM, n=6), and most of the 
desensitization in response to agonist was abolished. The reversa! potential for the 
WT receptor was similar in both EC and Na-Ise solutions (Erev was -4.75 ± l.6lmV 
and -5.98 ± l.33mV respective! y, n=5) but was shifted toa more negative potential by 
the remo val of 50% of the NaCI <Erev = -22.40 ± 2.03m V, n=5) indicating that WT 
receptors are predominan ti y cation-selective. In contra,st equivalent experiments for 
mutant receptors indicated that their reversa! potential in EC solution ( 4.09 ± 
l.81mV) shifted to more postive values in both 0.5NaCl and Na-Ise solution ( Erev 
respectively 18.49 ± 0.94 and 28.01 ± 2.88 m V, n=5) indicating that this mutant 
receptor had appreciable chloride permeablity. 

The results indicate that the changes in amino acid in this mutant weresufficient to 
switch the ion selectivity of the 5-HT3 receptor. As the a7nACh and 5-HT3 receptors 
appear to share common determinants of ion selectivity, this may be a conserved 
feature of the ligand-gated ion channel family. 

Supported by the Wellcome Trust and the MRC. SCRL is a Wellcome Trust Senior 
Research Fellow in Basic Biomedical science. 
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A Synthetic Cation-transporting Calix[4]arene Derivative 
Active in Phospholipid Bilayers 

Javier de Mendoza,•• Felix Cuevas," Pilar Prados,• Eric S. Meadows,b George W. Gokel'*b 
•Depro. de Qufmica Orgánica, Uniuersidad Autónoma de Madrid, Cancoblanco, 28049-Madrid, Spain and 

bBioorganic Olemisoy Program and Depr. of Molecular Biology & Pharmacology 
Washington Uniuersicy School of Medicine, 660 Sourh Euclid Aue., Box 8103 Sr. Louis, MO 63110 U .S.A. 

A novel, completely syntheúc caúon channel based on the calix[4]arene platform has 
been designed, synthesized, and studied. The calixarene is thought to serve primarily as 
a non-polar structural element from which hydrophobic chains extend in both direc
tions. The structural design of the channel is aided by the 1 .3-altemate conformation of 
the calixarene. This orients altemate chains in opposite directions so that two -
C12crownC12 chains reside in each bilayer leaflet. The corresponding channel whose 
central calix has a cone conformation orients all of the -C12crownC12 chains in the same 
direcúon. According to the design criteria, the 1,3-altemate form was expected to con
duct cations but the cone analog was not. The former has chains capable of traversing 
the full bilayer. All four chains of cone isomer extend in the same direcúon and the 
molecule does not possess sufficient overalllength to transcend the membrane. 

Cation transpon was assessed using the planar bilayer conductance (pbc) technique. As 
anticipated, caúon flux was observed for the 1,3-altemate channel but not for the cone 
isomer. The two isomeric structures (1,3 altemate left and cone right) are illustrated be-

low along with the pbc conductance results (conditions: 500 mM NaCI, pH = 6.7, top 
+100m V; bottom -100m V, vertical scale, 100 pS, time scale, 10 sec)). 

_jd,, 
. ... ,.4. J.. 1 
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MOLECULAR DETERMINANTS OF THE GLYCINE RECEPTOR CHANNEL 
CONOHCfANCE: STUDIES USING CYSTEINE MUTAGENESfS 

Moorhouse. A .. /. 1
, Keramidas, A. 1, R.ujcrulra, ~: 1

, Bt.,rry, P. H.' & Schofield, P.R 2 
· , ~ 1 ¡\ 

1 School of Phy.fiology and Pharmacology, Universiiy of New South Wales, 

Sydlll!J'. 2052. Au.<dralia 011d :11hc Garvan /nstitute jor Medica/ Research. 

Darlinghursf, Syáney, 1010. Australia 

384 Victoria Rd. , 
r , ~ Í 

Lignnd-gated ion channels mediate fast 6)'113ptic transmission in the mamma.lia.n central. arad peripheral 

nervous system. They are pentamecic proteins whose ion channd is fonned by the second 

tO\nsmembrane !'egment {M2) in each of the tive sub-uni.ts. This pore-fonning M2 segment is tlanked 

by charged amino acids. In the human glycine receptor (GiyR), mutations to the positively charged 

arginine 271 (R271), at the externa! end of the M2 n:gion, au: rcsponsible for the genetic disorder, 

hyperekplexia. and reduce both thc efficiency of glycine gatin_g and thc amplitudc of single channel 

conductance statcs (Rajcndra el al., 1995). To further investigate the role of an added positive charg~ 

at this residue we ha ve been using standard patch clamping techniques to examine the dfects of , 

methanethiosulfonate (MTS) reagents on wild type and R171C mutat:JíS transiently expressed in HEK-
293 cells. The positively charged water. soluble MTS derivative. MTSET, increased the amplirude of. 

glycine activated wholc cell currents in R271C mutantS without atfecting thc response ofWT receptors . . 

Excised outside-out parche:; ht:ld at -60 m V rcvealed that the WT GlyRs show up to 6 :~ubccinductancc ·. 

lcvc:ls with thc most common bein;; about 80 and 90 pS. R271C GlyRs also have multiple conductance ·; 

levels wiih the most common being between 30 and 50 pS. Acute perfusion of MTSET, or pre- : 

incubation with MTSET, hlld no effect on WT GlyR single channel measurements. In contrast MTSET 

irreversibly and ~arkedly increased both channel open probability and single channel conductance. In 

the presence ofMTSET the dominant conductance states ofR271C GlyRs was increased to between 60 

and 80 pS. These results confirm the importance ofthe positive charge un argíiüne 271 in determining 

tl1c: single: channel conductancc of thc human GlyR. 

J 

Rajcndra, S., Lynch, J.W., Pi~cc, KD., french, C.R., Barry, P.H. and Schoficld, P.R. (1995), Neuro~ i 
14, 169-175. .,:i) 

This study was supportcd by thc NH&MRC of Australia. 

:,_, .. , 

Instituto Juan March (Madrid)



61 

. Activation of hiK channels by 1-ethyl-2-benzimidazolone is obligatory 
Ca-dependent. 

Authors: Ka~illa Angelo Pedersen, Rikke Schrooer, Bo Skaaning Jensen, Dorte Strobak, 
Palie Christophersen and Soren-Peter Olesen. 
NeuroSearch, 26B Smedeland, DK-2600 Glostrup, Derunark 

The human intennediate-conductance, Ca2+-activated K+ channel, hiK, was 
identified by searching the expressed sequence tag database. HIK was found to be 
identical to two recently cloned K+ channels, hSK4 and hiK. RNA dot blot analysis 
showed a widespread tissue expression with the highest levels in salivary gland, 
placenta, trachea, and lung. Using fluorescent in situ hybridization and radiation 
hybrid mapping, hlK mapped to chromosome 19q13.2 in the same region as the 
disease Diamond-Biackfan Anemia. Stable expression of hiK in HEK cells, revealed 
single Ca2+-activated K+ channels exhibiting weak inward rectification (30 and 11 pS 
at -1+ 100 mV, respectively). Whole-cell recordings showed a non-inactivating, 
inward rectifying K+ conductance. lonic selectivity estimated from bi-ionic reversa! 
potentials gave the penneability sequence (PK /PX): 
K+=Rb+(1.0)>Cs+(1 0.4)>>Na+,Li+,NMDG+(>51 ). NH4+ blocked the channel 
completely. The classical inhibitors of the Gardo's channel, charybdotoxin (IC50=28 
nM) and clotrimazole (IC50=153 nM) as well as nitrendipine (IC50=27 nM), 
stichodactyla-toxin (IC50=291 nM), margatoxin (IC50=459 nM), miconazole 
(IC50=785 nM), econazole (IC50=2.4 ~M), and cetiedil (IC50=79 (M) blocked hiK. 1-
ethyl-2-benzimidazolinone (EBIO), an opener of Ca2+-activated ~ channels in T84 
cells, activated hiK with an EC50 of 74 ~M. The effect of EBIO was voltage
independent, but was strictly dependent on the presence of infernal Ca2+. EBIO (50 
J.LM) hyperpolarized the hiK expressing cells to EK within seconds. In conclusion, we 
have cloned the human IK channel, characterized its chromosomal localization, 
tissue expression, sensitivity to K+ channel blockers, and have identified an IK 
channelopener. 

Instituto Juan March (Madrid)



62 

lligh-kvel Expression of Neuronal Voltagc-Scnsitive K' Channds in the 
Mcthylotropic Y cast Pichüt pa.\torú 

D. N. Parcef. L. Eckhardt-Slrdau and W. Kühlbrandt 

Abteilwrg Strukturhiolo,f!.ie, Max-J'Lanck-ltwirurfiir /liaphysik. 
60528 Frankjurt-am-Main. Germany 

Neuronal vohagc-dcpcndent K+ channds of the vol!age-sensitive, delayed rectitlcr typc 

are hu·gc complcxcs containing 4 porc-fonning o:-suhunils and 4 auxiliary ~-subuuits 

[ 1 ). lsolation of thcsc protcins from natural sources [2] [3] is madc diffícult by thcir 

relalive scardly and is further complicated by the existence of multiplc hcrcrooligorncric 

suh-types L4J. In order, therefore. lo obtain sufficient amounts of material for slrudural 

determina !ion we ha ve expressed singly, severo! dclaycd-rcclificr a-suhunils, Kv 1. 1 

Kv 1.2 and Kv 1.4 • in the methylotrophic yeast f'ichia pasraris. Using thc binding of 

mr-a-dc.ndrotoxin cz.'I-n-DTX), a potcnl and spccilic hlocker of K V 1.2 channels, and 

hydrodynamic measurements we show that Kv 1.2 is produccd in P. fJU.\·torís asan 

active tcrramcric complcx. Furthcrmorc, sitc-dirccrcd mutagünesis indicales Lhallhe 

phosphorylation status of lhc protcin grcatly uiTccls iL~ mohilily on SDS-PAOE as 

found for Kv 1. 1 channels expressed in Xenopu.~ oocytes [5j. Calculat.ion$ based ou 

thc binding d;1la indicare expres-o; ion le veis in the order of HOmg of K+ channcl protcin 

pcr li~ of fcrmcmation culnU'C. Addition of a clcavablc N-rcnn.i.nal polyhislidinc tag lws 

allowt:d the routine purifcalion of 5-lOmg of K' channd pmlein wilh full relenlion nf 
1z.'I-a-DTX binding activity. Wc are p.ow cmbarking upon 2- aml3 dimensional 

c¡ystallisation altempts wit.h the view ro ohtaining an at.omic or near-atomic stmcturc of 

thc ddaycd rccrificr-type K• channels. This infom1ation should complement and extend 

lhe inforrnalion gkancd fmm thc rcccnrly sol ved stnlctUI'C of a s imple prokaryotic K• 

cbannel 16 1. 

fl t Pwr('(j. O.N .. Senil, V.E.S . .a.1d Doll)' . J.O. (l'N2) Hiochemistry :-n. 110~4 - IIUXH . 

1~1 Rduu. ll. :u1d l..a-.dun~l:i. M.(l'JKH) l'rocccdings Ot"thc f\mion~l Ac:tdcmy Of Sdcnccs Ofthc Uniloo ' 
Statcs Of 1\nK·ri(·a 85, 4919-4923. _,, ,:, -

t .11 P~Kcj. fl .N. ~n<l fl,tlly. J.O. ( I<JI<<J) Oiochemical Journal 257. 1<~':1-<.IO J. . ¡ .) 
1 ~ 1 · '"'"""~ieokn . 0.(; .. l'arcej. O.N. and Oolly, J.O. ( 1997) Bio<:"hcmislry 36. 8195-820 l. . 
1 -~ 1 l.evin. G .. Keren. T .. l'crc'U ...... ChlkvHshvili. n .. nwrnhill , w.n. ~ w ll.ou u u . l. (l ')<J:'i) hHJ11l¡j( uf ; 

lliolo ~ kal Chcmistry 270, 14011 -8. 
t<ol lloylc. ll.i\ .. t.'at>r~l. J.M .. P(mi>.ll<:r, R.A., Kun. A.l._ c;ulhi~. J .M .. Coll-'ll . S.L. Chait. H.T . :tno.l 

M:ldlll"l'". R. ti'J'll<) Sdence 2KO. (•'1-77. Instituto Juan March (Madrid)
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CALCIUM SIGNALING IN PLANTS. 

Marta Rodriguez-Franco, Ralf Mar1<us, Abdul Ahad , Dir1< Schmidt and Gunther Neuhaus. 
lnstitut fuer Biologie 11, Zellbiologie, UniversiUit Freiburg, Schaenzlestr. 1, D-79104 Freiburg, 
Germany. 

Plants use calcium as a second messenger in a wide variety of responses. The 
intracellular changes of this ion as a consequence of different biotic and abiotic 
stimuli has been well documented. lt is known that the kinetics of calcium fluxes in 
the plant cell is difterent in response to cold, pathogen or hormone stimuli . However 
information on the molecular level of calcium channels, channel regulators or 
associated proteins is still missing in plants. Therefore we are interested in 
developing different approaches in order to isolate genes involved in the regulation 
of calcium signaling. 
1.- T-ONA insertional mutagenesis of tobacco protoplasts. Wild type tobacco 
protoplasts are unable to grow and develop to microcalli in culture medium without 
addition of calcium. We ha ve mutagenized (through Agrobacterium T -DNA transfer) 
57,000 protoplasts, and obtained 18 clones that were able to regenerate in selection 
medium. Currently we are characterizing the phenotype of these mutants, which 
carry the calcium indicator protein aequorin. Segregation analysis, and 
measurements on calcium changes of the putative clones in response to different 
stimuli will be discussed on the poster. 
2.- Complementation of two calcium sensitive yeast mutants with an 
Arabidopsis cONA library. Two mutant strains which are aftected in the control of 
calcium homeostasis in yeast have been described: the calcium-sensitive growth 
mutants csg1 and csg2 (provided by Dr. Dunn). These mutants are affected by an 
increase in a calcium pool distinct from the vacuolar calcium pool, where most of the 
calcium in wild type cells is stored. These strains are unable to grow on yeast media 
containing 1 OOmM calcium at 3rC. From this screening we obtained tour novel 
Arabidopsis thaliana genes which show no homology to known proteins. At the 
moment we are investigating the regulation and function of these genes in the plant. 
3.- Knock out of an L-type calcium channel of S. cerevisiae. The YGR217w open 
reading frame listed in the S. cerevisiae genomic database as CCH1, encodes a 
protein of 2,039 aminoacids with a significant sequence similarity to the a 1-subunit 
of the dihydropyridine-sensitive family of voltage dependent calcium channels. T o 
perform a knock out of this gene, a 1 ,508 bp fragment containing the N-terminal part 
(-4 bp tp +1 ,504 bp) of the CCH1 gene, andan 829 bp fragment (+2,222 to +3,051) 
were amplyfied by PCR and introduced to the left and right side respectively of a 
kanamycin resistance cassette. This construct was linearized and used to transform 
the,.wild type strain DBY689. Putative knock out strains were isolated on G-418 
plates. The southem analysis of three of these colonies revealed that, in fact, the 
CCH1 gene had integrated the kanamycin cassette by homologous recombination. 
This strain is being used to complement a cONA library of A thaliana . Analysis of 
complemented clones is ongoing. 

Instituto Juan March (Madrid)



64 

3D MAPPING OF RYANODINE RECEPTOR LIGANDS 

Montserrat Samsó, Ramon Trujillo, Jon Berkowitz, Hector Valdivia# and Terry 
Wagenknecht. 

Wadsworth Center, New York S tate Dept. of Health, Albany, NY 1220 l . 
#Dept. ofPhysiology, University ofWisconsin, Madison, WI 53706. 

Structural determination of large membrane bound macromolecular 
complexes by diffraction methods is limited by difficulties in their crystallization. 
Cryo-electron microscopy together with single-particle image processing methods 
have been used as a successful alternative to these methods in determining the 
structure of the ryanodine receptor (RyR), a 2.3 Md tetrameric intracellular Ca2

+ 

channeL In skeletal muscle, the RyR, under the control of the dihydropyridine 
receptor (DHPR), releases Ca2

+ from the sarcoplasmic reticulum and thereby 
initiates muscle contraction. The DHPR interacts directly with the RyR through 
the intracellular 11-III loop of its a-subunit with a currently unknown site on the 
RyR. 

Other molecules, such as calmodulin (CaM) further modulate the RyR. At 
submicromolar Ca2

+ concentrations, up to 16 CaM molecules bind to the RyR 
with an activating effect. We are utilizing cryo-electron microscopy and single 
particle image processing to study the location of bound CaM under these 
conditions. The 3D difference map shows that CaM binds to 4 equivalent areas in 
the cytoplasmic assembly, distant from the transmembrane region of the receptor. 
The RyR with bound CaM in these conditions seems to undergo a conformational 
change in other regions of the channel., perhaps the activating effect of that 
modulator. 

Similar studies are in progress to determine the site of interaction with the 
DHPR intracellular 11-III loop. Our preliminary results suggest that the interaction 
could occur in 4 equivalent areas, located in the so-called "clamp" domains. 
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THE POTASSIUM CHANNEL KCSA OF' 
STREPTOMYCES L/Vll>ANS 

H. Schrempf 

FB Biologie!Chemie, Univer.ritiit Osnabrück, 
Barbarastrafte 11, 49069. Osnabrück, Germany 

Ion channels are found in eucaryotic cells <lnd are 
involved in many physiological processes, such as 
secretion, regulation of membrane potential, signa! 
transduction and osmoregulation. Within the Gram
positive bacterium Streptomyces lividans we discovered 
the first procaryotic potassium channel gene .1 esA. It 
encodes a predicted 17.6 kDa protein with two potential 
membrane-spanning helices linked by- a central domain 
which shares a high degree of similarity with the H5-
segment conserved among eucaryotic ion channels. 
Multiple alignments of deduced amino acids suggest 
that the novel channel has the closest kir.ship to the SS-, 
H5- and S6-regions of vo~tage-gated K+ -channel 
families, mainly ro the subfamily represented by the 
Shaker protein from Drosophila· melanogaster. 
S. /ividans protoplasts were fused with liposomcs and, 
within the resulting vesicles, K+-channel activity was 
recorded by patch clamp analysis_. KcsA was puri.fied in 
larger quantities and functionally reconstituted in a 
bilayer system (1 ). The data show. that KcsA is so far 
the best model system~ The recent elu.cidation of the 
crystal structure of the pore region of KcsA allows 
detailed conclusions about the principie umbrlying 
selectiv~ K+-conductio~ (2). _lt is expected that 
a9ditional KcsA studies will provide further insights 
into the functioning ofK+-channels. 
I}Schrcmpfcfal. 1995. EmboJ.l4, 51'70-5175 
2) Doylc ct al. 1998. Science 280, 69-77 
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: Structuralnnd biochemical a11alysis of sohtblc nicotinic acctylcholine .n:ceptoc 
extracellular domains. 

pr M. L. Tiemey. 

Crystallographic studies of water soluble domains of neucotransmitter-gated ion channels 
will provide a powerful system for generating structural ioformation, ideal for the structural 
modelling of thc intact receptor. This importan! c)ass of receptors is responsible for e heroica! 
signalling io the brain and at thc neucomuscular junction. Insight into their mechanism of action 
at the molecular leve! is fundamental to onr undeutanding of nom1al and dysfunctional brnin and 
musc!e activity. The nicotinic a.cetylcholine receptor (nAChR) is the prototypic neurot:J:ansmitter 
ion channel in a family wh.i.ch in eludes the excitatory 5-hydt.oxytryptamine3 (5-IIT 3) n:ceptor 
and the inhibitory GABAA I!Ild glycine receptors . Viewed under the elcctron microscope, 
negative stai.n.cd sarnples of purified neurolraosmitter receptors have 11 dislinct 'donut-likc' 
appearance creatcd by the arrangement of their ti ve homologous subunits in a pseudo sym.wcrric 
ring with the N-terminal extracellular halE of each subunit forming the water-filled vestibulc 
through which íons are funnelled towards the transmembranc pore. 1l1e receptors architecture 
incorporate.~ the binding sites for agonists and antagonists in the hydcophilic extracellular 
domains, distinct from the more hydrophobic e-terminal regían whicb folds to form the pore 
through tbe lipid bilayer. Tbe independent functionality of these two domains has been 
demonstrated experimentally using chimeric neuronal nicotinic a7 and S-IIT3 rcceptors; the 
binding of the a7 ligand to it's extracellular domain opened the cooduction pare of the fused 5-
HT3 C-terminal domain (1 ). Specific; assembly signals for pentamer formation and marure ACh 
binding sites have also been localised to the extracellular domains (2,3). Given the domain 
strucrure of neurotransmítter receptors recombinant expression of N-terminal soluble domains 
offers a potential strategy for dctermining the 3 dimensional strucrure. 

Recombinant expression of individual and various subunit combinations of the EC 
domains of thc nAChR (a2j3yll) has beco achieved using the multi-promoter based baculovirus 
insect cell sy:;tem. Subunit specific polyclonal antibodies con.firm that each of the four 
extracellul.M (EC) dornains ace synthesised in the insecc cells. Furthermore, thc binding of 1251-a
bungarotoll'in and the conformationally sensitive monoclonal aotibody, rnAb35, to the 5! EC 
domain, expressed alone or in combination, indicates subunít folding and /or maturation occurs in 
the insect cells . Purification strategies have focused on isolating the soluble ligand binding 
domain of the .Q; subunit as well as complexes formed from the co-expression of all four subunit 
EC domains. 

The incorporation of a hexahis tag on the J! EC domain enables its subsequent 
purification on nicke! nitrilotriacetic acid (NiNTA) resin from both the Hí5 cell membouJc 
fraction (endoplasmic reticulum) and the media. ie secreted. The secreted form of the !! EC 
domain c;orresponds to the higher molecular weight glycosylated product while its íso!ation [roro 

the cell also includes che Jower molecular weíght. non-glycosylated form. 
To form a functional complex composed of just the soluble EC domains of the nAChR a 

majar dífficulty is that tbe four polypeptides have to assemble together in a stoichiomet:J:y of 
a2~yll. Under the electroo microscope assembled complexes of the EC domains Me likely to 
resernble the dormt-like images characteristic of the foll!Cilgth receptor gíven that it is the 
arrBnc<>ement and folding of the EC domains which creates the 'lestibule. Co-expression stodics 
bave used a recombinant virus carrying the four nAChR EC domains in which ooe of the domains, 
the ~ EC, contains a hexahis tag. Small quantities of material ha ve been partially purified on t:he 
NiNTA resÍD from insect Hi5 cells and the media following secretion. Under the electron 
microscope images of negative stained samples reveals 'donut-like' complexes. Single particle 
averaging of these complexes shows 5-fold pseudo symmetry. Such complexes are absent when 
the o. EC domain is expressed alone. 

Characterisatioll of the soluble EC complexes identified under the electron microscope is 
required to confirm thcir m.ake up and domain arrangern<:nL Potentially. the baculovirus system, 
wich its ability to co-express multip!e proteins, may prove to be a viable source of soluble 
neurotransmitter EC domains for structural srudies. 
1) Eisele, J.L. et al., 1993, Namre 366: 479-483. 
2) Yu. X-M. & Hall, Z.W. 1991 Nature 352: 64-67. 
3) Verall, S . & Hall, Z.W. 1992 Ccll68: 23-31. 
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Abstract: Expression and Tetramer formation of Kch, a putative K+
Channel of Escherichia coli 

Thomas Urbig, Marie Johansson, and Gunnar von Heijne 

The gene encoding Kch has been amplified from E. coli genomic DNA by 
PCR and cloned into expression vectors . The expression was then 
studied in a variety of host strains and vectors. Under control of 
IPTG-inducible T7 promotors the Kch protein expresses quite well. 
A significant amount of the full-length protein is overexpressed upon 
induction, but the majority accumulates as a degradation product. 
Interestingly, a fairly large amount of a high-molecular weight 
species is seen after separation of E . coli protein extracts with SDS
PAGE. According to the molecular weight this high-molecular band 
represents most likely a tetramer of Kch. Surprisingly, this species 
is stable under the rather harsh conditions of denaturing SOS gel 
electrophoresis. The stability of this complex allowed us to study Lhe 
oligomerization by insertion mutagenesis to determine if and which 
transmembrane helices are critical for tetrameri zation. So far, only 
the so-called P-loop has been found to be critical while insertions of 
amino acids into transmembrane helices do not affect the oligomer 
formation. A number of N- and e-terminal truncation mutants are being 
made to further map the domains which facilitate the protein-protein 
interactions. This might also allow conclusions about the influence of 
the extramembraneous domain in the oligomerisation. 
Protein-protein cross-linking in vitro was performed to confirm the 
subunit composition by biochemical means. 
Currently , we are working on the purification of the recombinant 
protein. Expression of Kch with fusion tags should allow us easy 
purification of the recombinant protein. Once this is achieved we cim 
for the crystallization of the protein to gain more information about 
the structure/function relationship of potassium channels and of tbe 
structures of membrane proteins in general. 
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Texts published in the 
SERIE UNIVERSITARIA 
by the 
FUNDACIÓN JUAN MARCH 
concerning workshops and courses organized within the 
Plan f or International Meetings on Biology (1989-1991) 

*: Out of stock. 

*246 Workshop on Tolerance: Mechanisms 
and lmplications. 
Organizers: P. Marrack and C. Martínez-A. 

*247 Workshop on Pathogenesis-related 
Proteins in Plants. 
Organizers: V. Conejero and L. C. Van 
Loan. 

*248 Course on DNA - Protein lnteraction. 
M. Beato. 

*249 Workshop on Molecular Diagnosis of 
Cancer. 
Organizers: M. Perucho and P. García 
Barreno. 

*251 Lecture Course on Approaches to 
Plant Development. 
Organizers: P. Puigdoménech and T. 
Nelson. 

*252 Curso Experimental de Electroforesis 
Bidimensional de Alta Resolución. 
Organizer: Juan F. Santarén. 

253 Workshop on Genome Expression 
and Pathogenesis of Plant ANA 
Viruses. 
Organizers : F. García-Arenal and P. 
Palukaitis. 

254 Advanced Course on Biochemistry 
and Genetics of Yeast. 
Organizers: C. Gancedo, J. M. Gancedo, 
M. A. Delgado and l. L. Calderón. 

*255 Workshop on the Reference Points in 
Evolution. 
Organizers: P. Alberch and G. A. Dover. 

*256 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín , M. Beato and A. 
A. Travers. 

257 Lecture Course on Polyamines as 
Modulators of Plant Developmenl 
Organizers : A. W. Galston and A. F. 
Tiburcio. 

*258 Workshop on Flower Development. 
Organizers: H. Saedler, J. P. Beltrán and 
J. Paz-Ares. 

*259 Workshop on Transcription and 
Replication of Negative Strand ANA 
Viruses. 
Organizers: D. Kolakofsky and J. Ortín. 

*260 Lecture Course on Molecular Biology 
of the Rhizobium-Legume Symbiosis. 
Organizer: T. Ruiz-Argüeso. 

261 Workshop on Regulation of 
Translation in Animal Virus-lnfected 
Ce lis. 
Organizers : N. ·sonenberg and L. 
Carrasco. 

*263 Lecture Course on the Polymerase 
Chain Reaction. 
Organizers : M . Perucho and E. 
Martínez-Salas. 

*264 Workshop on Yeast Transport and 
Energetics. 
Organizers: A. Rodríguez-Navarro and 
R. Lagunas. 

265 Workshop on Adhesion Receptors in 
the lmmune System. 
Organizers: T . A . Springer and F . 
Sánchez-Madrid. 

*266 Workshop on lnnovations in Pro
teases and Their lnhibitors: Funda
mental and Applied Aspects. 
Organizer: F. X. Avilés. 
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267 Workshop on Role of Glycosyi
Phosphatidylinositol in Cell Signalling. 
Organizers: J. M. Mato and J. Larner. 

268 Workshop on Salt Tolerance in 
Microorganisms and Plants: Physio
logical and Molecular Aspects. 

Texts published by the 

Organizers: R. Serrano and J. A. Pintor
Toro. 

269 Workshop on Neural Control of 
Movement in Vertebrales. 
Organizers: R. Baker and J. M. Delgado
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors *10 Workshop on Engineering Plants 

Tell the Brain? Against Pests and Pathogens. 

Organizers: C. Belmonte and F. Cerveró. Organizers : G. Bruening, F. García-
Olmedo and F. Ponz. 

*2 Workshop on DNA Structure and 
Protein Recognition. 11 Lecture Course on Conservation and 
Organizers: A. Klug and J. A. Subirana. Use of Genetic Resources. 

*3 Lecture Course on Palaeobiology: Pre-
Organizers: N. Jouve and M. Pérez de la 

paring for the Twenty-First Century. 
Vega. 

Organizers : F. Álvarez and S. Conway 
12 Workshop on Reverse Genetics of 

Morris. Negative Stranded ANA Viruses. 

*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 

of Zea Mays. Melero. 

Organizers: B. Burr, L. Herrera-Estrella 
and P. Puigdomenech. *13 Workshop on Approaches to Plant 

Hormone Action 
*5 Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers : A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspective. *15 Workshop on Signal Transduction by 
Organizers: P. Bateson and M. Gomendio. Growth Factor Receptors with Tyro-

*7 Workshop on Transcription lnitiation sine Kinase Activity. 

in Prokaryotes Organizers: J. M. Mato andA. Ullrich. 

Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

*8 Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 

pression in Yeast. Neuronal Development. 

Organizers : C. Gancedo and J . M. Organizers : C. S. Goodman and F. 

Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers : M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J . Portugal. 

*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J . López
Bameo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa
gation Promoted by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
ANA Viruses. 
Organizers: J . J . Bujarski, S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J. Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi
mental Skin Carcinogenesis. 
Organizers: A. J. P. Klein-Szanto and M. 
Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J. A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

• 30 Workshop on Resistance to Viral 
lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato andA. P. 
Wolffe. 

33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J . Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nornbela. 

36 Workshop on Flower Development. 
Organizers: E. Coen , Zs . Schwarz
Sommer and J . P. Beltrán. 

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers : M. Heisenberg and A. 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz
Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers : K. N. Timmis and J . L. 
Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers: T. L Blundell , M. Martínez
Ripoll, M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente, L. Rothfield and J. 
A. Ayala. 

43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

44 Workshop on Selective Gene Activa
tion by Cell Type Specific Transcription 
Factors. 
Organizers : M. Karin , R. Di Lauro, P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin , M. Beato and J. 
Modolell. 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Laca!. 

49 Workshop on Transcriptional Regula
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj, J. Ortín and J. 
Valcárcel. 

Out of Stock. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri. 

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers : R. W. Oppenheim, E. M. 
Johnson and J . X. Camella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of Teto
meres and Centromeres. 
Organizers: B. J . Trask, C. Tyler-Smith, F. 
Azorín andA. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signa! 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pagas. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers : E. K. Weir and J. López
Barneo. 

62 1996 Annual Report 
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63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bemabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers : S. J . Benkovic and A. Ba
llesteros. 

65 Workshop on Signal Transduction in 
Neuronal Development and Recogni
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer : Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra and A. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J . M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers: J . C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J . L. 
Mi col. 

73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J . Gehring. 

74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro and A. M. Sillita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J . Modolell 
and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J . L. R. Arrondo, F. M. Goñi, 
B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F . García-Arenal , K . J . 
Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S . Moreno. 

82 Workshop on Wiring the Brain: Mecha
nisms that Control the Generation of 
Neural Specificity. 
Organizers : C . S . Goodman and R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshihama, R. Kolter and M. 
Vicente. 

84 Workshop on Nitric Oxide: From Disco
very to the Clinic. 
Organizers: S. Moneada and S. Lamas. 

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Expression 
and Silencing. 
Organizers: T. C. Hall , A. P. Wolffe, R. J . 
Fert and M. A. Vega-Palas. 

86 Workshop on Transcription Factors in 
Lymphocyte Development and Function. 
Organizers: J . M. Redondo, P. Matthias 
and S. Pettersson. 
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scope of the Centre. 
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