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Introduction

The diffraction of X-rays by molecular crystals is the method of reference for obtaining the three-dimensional structure and study its relation with the biological function. In particular, its application to complexes of pharmaceutical targets (proteins and nucleic acids) with ligands provides a powerful tool for identifying the molecular basis of potency and selectivity of  potential drugs.

The resolution is an essential parameter of a crystallographic study. It is directly related to the minimum distance separating the details of the electronic density. A resolution of 2 Å is sufficient to distinguish peptides from a protein or the bases of a nucleic acid, but not the individual atoms, and even less the bond densities. At this resolution, the position and orientation of ligands in binding sites can be determined, but finer details, like protonation states and accurate interatomic distances, have to be imposed  via stereochemical restraints. 

In the last ten years, various technical improvements, ranging from better techniques of expression and crystallisation to the use of synchrotron sources for measurements of diffraction and algorithms of multipolar and quantum modelling, made it possible to improve considerably the resolution and the quality of the macromolecular models. Biological structural studies with resolutions between 1.5 and 0.9 Å became more current. In this range of resolution, the individual atoms can be clearly distinguished ,  the hydrogen atoms start to appear, and solvent molecules are better observed. Interatomic distances can be determined with errors less than 0.01 Å, which enables accurate calculation of interaction energies and discrimination of single vs. double bonds. Estimation of the atomic charges starts to be possible.

Since 1997, several structures were solved with a resolution better than 0.9 Å, in particular crambin  (Jelsch et al, (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 3171-3176), subtilisin (Kuhn et al, (1998) Biochemistry 37, 13446- 13452) and aldose reductase (Podjarny et al, Europhysics News Vol. 33 No. 4, 113-117, 2002). With such a resolution, the level of the details observed in the best ordered areas approaches that of the small molecules studies. The hydrogen atoms and the bond densities are clearly visible, and the atomic errors of co-ordinates are reduced another order of magnitude (~0.003 Å), which makes the stereochemical differences highly significant. This level of detail enables a very fine description of the interaction between a potential drug and a pharmaceutical target, and the identification of the sources of potency and selectivity. A first goal of this meeting is to describe the cases where such work is currently being done. 
Complementary techniques such as mass spectrometry, microcalorimetry and NMR provide critical experimental evidence of binding (and eventually of binding  energies). These energies can be compared with those obtained from structural modelling, based on crystallographic results. Therefore, the meeting also includes description of other techniques and of modelling efforts. 

The meeting

One hundred and thirty people  from all over the world (Argentina, Bulgaria, Canada, Germany, Finland, France, Greece, India, Italy, Japan, Israel, Netherlands, Poland, United Kingdom, Russia, Spain, Switzerland, Taiwan, USA…), participated to the meeting, including 21 speakers and 12 company participants. 
Alberto Podjarny ( IGBMC, France) opened the meeting with a brief introduction to the problem of going from a small molecule (hit) to a molecule with drug-like properties (lead), binding to a macromolecule of  pharmaceutical interest (target). He  emphasized the importance of accurate structures in the process of lead optimization. This was followed by an opening talk by Tom Blundell (U. of Cambridge and Astex, UK) who described  the combination of virtual screening and high throughput crystallography to identify a large number of small molecule fragments binding to a target, and the merging of these small fragments into a lead He described the analysis of a multiprotein system involving the human recombinase Rad51 and the product of the breast cancer associated gene, BRCA2. 
The next two sessions (Thursday afternoon) concerned the improvements in crystallographic methodology leading to high resolution structures. Richard Giege (IBMC, France) described recent improvements in crystallogenesis, in particular the crystal growth methods under diffusive regime ( reduced convection). Andrea Schmidt (EMBL-Hamburg, Germany) described the particular challenges posed by high resolution data collection, and the strategies adopted at the EMBL beamlines at the DESY synchrotron (Hamburg) to overcome them. Gerard Bricogne (Global Phasing, UK) exposed new methods in which the time decay of intensities due to radiation damage is incorporated in the phasing process, and Thomas Schneider (IFOM, Italy) explained the particularities of high resolution refinement, as implemented in the program SHELXL, and the best ways of obtaining maximum structural information from this refinement. He also described an experimentally phased map (MAD) at atomic resolution ant its use for the validation of refinement techniques, specially for multiple conformations.  

The second session ended in an active debate of the advantages and disadvantages of high resolution crystallography. Given the particularly stringent requirements posed by all stages of structure solution at high resolution, Tom Blundell asked, quite relevantly,  to what extent this extra effort led to additional information in the biological sense. He also pointed to the fact that high resolution structures are “frozen snapshots” , while lower resolution ones allow for some motion in the crystal.  The global consensus from the rest of the audience was that high resolution was worthwhile, and that a combination of “frozen snapshots” can lead to a very accurate “movie”. In fact, this was a central point that kept emerging during the rest of the meeting, during which this assertion about the importance of high resolution was proved by several examples ( see below). 
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Sessions 3 and 4 (Friday morning) concerned high resolution crystallographic results. Alberto Podjarny and Andre Mitschler (IGBMC, Illkirch) reported on the current and prospective (neutron diffraction) studies of Aldose Reductase, in which subatomic resolution (0.66 A) X-ray diffraction data led to the determination of protonation states in the active site crucial for catalysis and for inhibitor binding. The figure shows the single protonation state of His 110 in the complex of Aldose Reductase with the inhibitor IDD 594, as indicated by a difference map (Contoured gold, green and pink  at 0.44 e/Å3 ,0.31 e/Å3 and 0.11 e/Å3  respectively; reproduced from Howard et al, Proteins: Struct Funct Genet.55 : 792-804 ,2004). Andrzejj Joachimiak (SBC, Argonne) did a survey of the large amount of  structural results obtained the Structural Biology Center at APS and the Midwest Center for Structural Genomics,, describing the details of beamline hardware, software and strategies needed for high resolution data collection. Dino Moras (IGBMC, Illkirch) described the results obtained for nuclear receptors – ligand complexes, and in particular how an atomic resolution (1.4 A) structure was useful in unambiguously determining ligand binding. Eric Westhof ( IBMC, Strasbourg) described the interactions of ribosomal RNA-aminoglycoside complexes. Again, high resolution structures were important to clearly see the interactions between the antibiotic and the RNA, in particular those mediated by water molecules. These structural results give the molecular basis of  resistance to antibiotics. 
The discussion in these sessions followed the line of the previous one. The point of view emphasizing the advantages of high resolution was further supported by the examples given during the conferences. 

Sessions 5 and 6 (Friday afternoon) concerned different type of modelling studies. Raul Cachau (NCI, Frederick) explained how subatomic resolution data could be used, together with Quantum Mechanics calculations, to quantify the reactivity of a specific atom of the macromolecule. Benoît Guillot (LCM3B, Nancy) described the use of a multipolar model to take into account the non spherical electron density features arising from subatomic resolution data. This multipolar modelling, which describes the electron density to a finer detail than the spherical atom model, is implemented in the software MOPRO. He described applications to Aldose Reductase, and showed how the electrostatic potential derived from the multipolar model fits theoretical calculations using Quantum Mechanics, and explains the characteristics of ligand binding. Gerhard Klebe ( IPC, Marburg), explained how a well resolved crystal structure can be used to extract a pharmacophore model that elucidates the most important areas in a binding pocket to be addressed by a putative ligand. He illustrated this with two examples: 

1) tRNA-guanine trasglycosylase, in which a statistical analysis using Relibase discloses the importance of a water molecule (observed in the crystal structure) to mediate the binding of a ligand. The studies showed also how the binding of different ligands can be stabilized by the flipping of a peptide bond, which in turn is stabilized by an Asp residue which can change its protonation state. 
2) Aldose Reductase, in which the crystallographic studies were complemented by titration calorimetry, indicating the dependency of the binding affinity and the protonation state of the bound ligand on the oxidation state of the adjacent cofactor NADPH/NADP+

Anastassis Perrakis (NKI, Amsterdam) showed how automated building techniques in macromolecular crystallography could be adapted to the automatic building of ligands. A search algorithm based on 'density clusters' identification, assignment of putative ligand atoms to grid point of the cluster and an optimization strategy based on satisfying interatomic distance criteria, proves quite powerful for automated modeling moderate size ligands in crystallographic electron density maps. 


.
The discussion in these sessions focused on the relation between high resolution structures and the calculation of electrostatic field, and eventually of reactivity. The Quantum Mechanics applications using the subatomic resolution data were viewed as one of the important lines for the future.

Sessions 7 and 8 (Saturday morning) dealt with techniques of detecting ligand binding ( other than crystallography). Wolfgang Jahnke ( Novartis, Basel) described the use of  NMR in detecting the binding of ligands at three stages: hit generation, hit validation and lead optimization. He emphasized the fact that NMR is highly complementary to crystallography because of its capacity to detect weak binders. Alain Van Dorsselaer (LSMB, Strasbourg) described the use of mass spectrometry as a technique to study non covalent interactions in biology. He showed how mass spectrometry can detect and measure electrostatic interactions between ligands and targets. He described several cases, including nuclear receptors and aldose reductase, in which a clear correlation could be observed between the measured electrostatic binding potential (VC50) and binding energies obtained from crystallographic structures. Angela Gronenborn ( NIDDK, NIH, Bethesda) described the use of NMR in obtaining the structure of an HIV-1 inactivating protein, cyanovirin-N, which binds to the surface envelope. The structure has been solved with remarkable accuracy ( RMS < 0.2 A), and exists in two forms, a monomeric form and a domain-swapped dimeric form. Different mutants  stabilizing the the dimeric or the monomeric form were presented. John Ladbury ( University College, London) described the use of the isothermal titration calorimetry to analyze the enthalpic and entropic components of ligand binding. The thermodynamic data provided by ITC can provide an aid to deciding whether a ligand could be 'druggable' based on the concept that a favourable change in enthalpy usually corresponds to better complementarity of bonds in the binding site
Discussions in these sessions clarified several technical points and emphasized the relation between crystallographically determined structures and the experimental measures of ligand binding.

Sessions 9 and 10 ( Sunday morning) further described results of high resolution crystallography. Tracey Gloster ( Chemistry Department, University of York) described the high resolution studies of Xylanase inhibitor complexes, and emphasized the fact that high resolution bond analysis corrected a wrong bond interpretation made at lower resolution. Richard Pauptit ( Astra Zeneca, UK) described his experience in drug design, and emphasized the fact that solving structures at higher resolution in an industrial context is actually a very worthwhile investment since structure solution is not only more reliable but faster. . Irene Weber ( Georgia State University, Atlanta) described high resolution crystal structures of the antiviral compound UIC-94017 complexed with mutants of HIV proteases. The differences in the interactions with the wild type and with the mutants were useful to understand the process of resistance. The highest resolution crystal structures indicated positions for many hydrogen atoms, the geometry of the catalytic site, alternate conformations for side chain and main chain atoms, and more detailed solvent structure. Paula Fitzgerald ( Merck, Rahway) coined the term “Medicinal Crystallography” to describe the use of crystallography in medicinal chemistry, and explained how the systematic use of structure determination influences the process of drug design. She described three projects: peptide deformylase, HIV-1 protease and metallo-beta-lactamase. The main contribution of high resolution to the three projects was enhanced throughput and reliability: with good data interpretation the structures of bound ligands is extremely straightforward, and details of ligand conformation can be described with confidence.
This last session clearly emphasized once again the effect of high resolution in drug design in terms of faster results and finer information for the identification of a powerful and selective lead. 
