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elLife digest It has been clear since the early days of structural biology in the late 1950s that
proteins and other biomolecules are continually changing shape, and that these changes have an
important influence on both the structure and function of the molecules. X-ray diffraction can
provide detailed information about the structure of a protein, but only limited information about
how its structure fluctuates over time. Detailed information about the dynamic behaviour of
proteins is essential for a proper understanding of a variety of processes, including catalysis, ligand
binding and protein-protein interactions, and could also prove useful in drug design.

Currently most of the X-ray crystal structures in the Protein Data Bank are ‘snap-shots’ with
limited or no information about protein dynamics. However, X-ray diffraction patterns are affected
by the dynamics of the protein, and also by distortions of the crystal lattice, so three-dimensional
(3D) models of proteins ought to take these phenomena into account. Molecular-dynamics (MD)
computer simulations transform 3D structures into 4D ‘molecular movies’ by predicting the
movement of individual atoms.

Combining MD simulations with crystallographic data has the potential to produce more realistic
ensemble models of proteins in which the atomic fluctuations are represented by multiple structures
within the ensemble. Moreover, in addition to improved structural information, this process—which
is called ensemble refinement—can provide dynamical information about the protein. Earlier
attempts to do this ran into problems because the number of model parameters needed was
greater than the number of observed data points. Burnley et al. now overcome this problem by
modelling local molecular vibrations with MD simulations and, at the same time, using a course-
grain model to describe global disorder of longer length scales.

Ensemble refinement of high-resolution X-ray diffraction datasets for 20 different proteins from
the Protein Data Bank produced a better fit to the data than single structures for all 20 proteins.
Ensemble refinement also revealed that 3 of the 20 proteins had a ‘molten core’, rather than the
well-ordered residues core found in most proteins: this is likely to be important in various biological
functions including ligand binding, filament formation and enzymatic function. Burnley et al. also
showed that a HIV enzyme underwent an order—disorder transition that is likely to influence how
this enzyme works, and that similar transitions might influence the interactions between the
small-molecule drug Imatinib (also known as Gleevec) and the enzymes it targets. Ensemble
refinement could be applied to the majority of crystallography data currently being collected, or
collected in the past, so further insights into the properties and interactions of a variety of proteins
and other biomolecules can be expected.
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a typical protein crystal. Multi-conformer structures represent both anisotropic and anharmonic disorder,
but despite numerous attempts at automating the inclusion of minor conformations (DePristo et al., 2004;
Levin et al., 2007; Terwilliger et al., 2007, Korostelev et al., 2009, van den Bedem et al., 2009;
Lang et al., 2010), 95% of all protein residues in the Protein Data Bank (PDB) (Berman et al., 2000)
derived from diffraction data are modelled with a single conformation (Lang et al., 2010). As opposed
to multiple discrete models, a MD simulation with time-averaged restraints (Gros et al., 1990) results
in a population of structures in which the individual models are interrelated by a Boltzmann-
weighted energy function. This method introduced by Torda et al. (1989) and implemented in
macromolecular crystallography by Gros et al. (1990), showed a reduction in R-value. However, cross-
validation introduced subsequently (Briinger, 1992) revealed chronically over-fitted models (Burling
and Brunger, 1994, Clarage and Phillips, 1994, Schiffer et al., 1995).

Here, we present an ensemble-refinement method that restricts the number of structures modelled
and thereby prevents over-fitting of the data. We model large-scale motions, attributable to, for example,
lattice distortions, by an underlying global disorder model. This approach allows MD simulations to
sample local atomic fluctuations only, without the need for sampling large-scale global disorder. We
show that the method yields reproducible ensembles with improved fit to the X-ray data, as validated
by cross validation, Ry.. (Briinger, 1992), and stereochemical analyses. Analyses of the ensembles
show that detailed features are observed indicating atomic fluctuations that may be relevant for the
biological function of the macromolecules.
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Figure 1. Example of ensemble refinement for dataset TUOY. (A) Optimisation of empirical ensemble refinement
parameters ( , Prisand Tyan). Simulations are performed independently and in parallel. The plot shows effect of

« P1Ls ON Ryee (€ach grid point corresponds to the lowest Ry among all Tpan values). Optimum parameters are
selected by Ry (B) Rvalues obtained during ensemble-refinement simulation, solid lines Ry« and dashed lines
Riee; high values are observed for instantaneous models (yellow) contrasting with the rolling average used in the
target function (red) and the final ensemble (blue). (C) Rvalues are reduced throughout the resolution range for
ensemble model (blue) compared with phenix.refine re-refined single structure (black); solid lines Ry, and dashed
line Ryee. (D) Number of structures in the ensemble, reduced by equidistant selection, versus R (solid line) and
Riee (dashed line). Final number of structures is selected as the minimum number required reproducing the Ryee + 0.1%;
in this case resulting in an ensemble containing 167 structures. (E) Density difference maps for the ensemble
structure (MFgps — DFnoger)expli 3nodel], left-hand side, and the single structure right-hand side, contoured at 0.34 e/A
(equivalent to 3.0 &for the ensemble model), positive and negative densities are coloured green and red respectively.
All molecular graphics figures are drawn using PyMol (The PyMOL Molecular Graphics System, Schrédinger, LLC).
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