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Abstract

Protein structures in the Protein Data Bank provide a wealth of data about the interactions that
determine the native states of proteins. Using the probability theory, we derive an atomic distance-
dependent statistical potential from a sample of native structures that does not depend on any adjustable
parameters (Discrete Optimized Protein Energy, or DOPE). DOPE is based on an improved reference
state that corresponds to noninteracting atoms in a homogeneous sphere with the radius dependent on
a sample native structure; it thus accounts for the finite and spherical shape of the native structures. The
DOPE potential was extracted from a nonredundant set of 1472 crystallographic structures. We tested
DOPE and five other scoring functions by the detection of the native state among six multiple target
decoy sets, the correlation between the score and model error, and the identification of the most accurate
non-native structure in the decoy set. For all decoy sets, DOPE is the best performing function in terms
of all criteria, except for a tie in one criterion for one decoy set. To facilitate its use in various
applications, such as model assessment, loop modeling, and fitting into cryo-electron microscopy mass
density maps combined with comparative protein structure modeling, DOPE was incorporated into the
modeling package MODELLER-8.
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model assessment

The native structure generally has the lowest free energy
of all states under the native conditions (Anfinsen 1972,
1973). Therefore, an accurate free energy function would
enable the prediction and assessment of protein structures
(Dill 1985, 1997; Bryngelson et al. 1995; Dobson et al.
1998; Shakhnovich 2006). In principle, the free energy
surface of a protein can be derived by thoroughly sam-
pling the potential energy surface defined by a molecular
mechanics force field (Brooks et al. 1988). However, this
approach is computationally prohibitive and may be
further limited by errors in potential energy functions.

Reprint requests to: Min-yi Shen or Andrej Sali, Department of
Biopharmaceutical Sciences, Byers Hall at Mission Bay, Suite 503B,
University of California at San Francisco, 1700 4th St., San Francisco,
CA 94158, USA; e-mail: smy@salilab.org or sali@salilab.org; fax:
(415) 514-4231.

Article and publication are at http://www.proteinscience.org/cgi/doi/
10.1110/ps.062416606.

Protein Science (2006), 15:2507-2524. Published by Cold Spring Harbor Laboratory Press. Copyright © 2006 The Protein Society

Instead of relying on free energy, an alternative approach
is to construct a scoring function whose global minimum
also corresponds to the native structure from a sample of
native structures of different sequences (Tanaka and
Scheraga 1976; Miyazawa and Jernigan 1985; Sippl
1990) deposited in the Protein Data Bank (PDB) (Kour-
anov et al. 2006). Due to its dependence on known protein
structures, such a scoring function is often termed a
knowledge-based or statistical potential.

The pioneering work of Tanaka and Scheraga (1976)
related the frequencies of contact between different
residue types, obtained from known native structures, to
the free energies of corresponding interactions using the
simple relationship between free energy and the equilib-
rium constant. Their work was followed by that of
Miyazawa and Jernigan (1985, 1996, 1999), who de-
veloped residue contact statistical potentials using a qua-
sichemical approximation. A new form of a statistical
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