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1 Introduction

There has been a great deal of interest in proteins over the last century because fibrous pro-
teins are structurally central in muscle, skin and hair, while globular proteins catalyze most
biological reactions, are involved in the control of gene expression, facilitate transport of other
molecules, and control signaling across cell membranes. Most proteins in all organisms can
be described as heteropolymers of the standard 20 amino acidtypes, where the exact sequence
(primary structure) is closely controlled. Polypeptide chains are linear rather than branched, but
more than one chain may associate to form a particular protein (quaternary structure), and there
may be covalent crosslinks that are almost always disulfide bridges between cysteine residues.
Some proteins are either covalently or noncovalently connected to nonpeptide moieties, as in
the case of hemoglobin with its heme group that is essential for oxygen transport. Although
polypeptide chains are intrinsically flexible, many of the functions of globular proteins depend
on the molecule assuming under appropriate external conditions a rather well defined three-
dimensional shape (tertiary structure), called its conformation.

In what follows, let us consider only globular proteins consisting of a single, uncrosslinked
chain of the usual 20 amino acid types. Exactly how the protein is synthesized in the cell and
transported to its destination can be a complicated story. However, one can also synthesize the
protein in the laboratory, and by varying the temperature and solvent composition, many natu-
rally occurring proteins can reversibly interconvert between a fairly random “denatured" state
and a much more ordered “native" conformation. The native conformation has been determined
by x-ray crystallography and NMR spectroscopy for over 40,000 proteins (Berman et al., 2000),
and there is a great deal of variety in these structures. Because the isolated protein can fold up
to its native conformation, the fold is determined only by the sequence, not by some external
guidance by the ribosome or other cellular components.

The interior of a folded globular protein is about as denselypacked as typical crystals of
small organic compounds. There may be some residual disorder on the surface, but the interior
atomic positions are mostly well determined. While there are some simple repeating substruc-
tures (secondary structure) such asα-helices andβ-sheets, the overall fold requires many pa-
rameters to describe. Even for small molecule crystal structures that can be parameterized in
terms of a few crystal lattice parameters and a few internal conformational degrees of freedom,
ab initio prediction of the crystal structure is by no means routinely successful at present. Go-
ing strictly from amino acid sequence to the native structure of a protein is currently even less
successful, in spite of heroic application of cleverness and computer power.

2 SMEUSE

Suppose we have a system consisting of all the atoms of a protein molecule plus the atoms
of the surrounding solvent. The total system ofn atoms can be described in terms of the3n
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Cartesian coordinatesxi and the3n Cartesian components of the atomic momentapi. Thus the
total Hamiltonian

H(~p, ~x) =
3n
∑

i=1

p2

i

2mi

+ E(~x) (1)

has momenta terms depending on a singlepi each plus the mass of the atom, while in general
the internal energyE depends on all the coordinates. In standard statistical mechanics, all the
thermodynamic properties of the system can be derived from the partition function

Q =

∫

· · ·

∫

exp

(

−

H

kT

)

dp1 · · · dp3ndx1 · · · dx3n, (2)

wherek is Boltzmann’s constant, andT is the absolute temperature. The momentum part of the
Hamiltonian isseparable in the sense that the integration over the3n momenta breaks down
into a product over momenta of simple Gaussian integrals foreach component. However, the
usual force fields used in computational chemistry formulate the internal energy part as a sum
over mostly two-body interactions, such as covalent bond stretching, van der Waals nonbonded
interactions, and monopole-monopole electrostatic interactions. When one coordinate of one
atom is perturbed, several energy terms are affected, and the sets of terms affected by different
variables generally overlap.

Straightforward numerical integration of the energetic part of the partition function is infea-
sible for proteins, where there may be thousands of atoms, and the internal energy has many
local minima and can vary suddenly when two atoms are nearly in contact. The preferred ap-
proaches are stochastic methods, such as Monte Carlo or molecular dynamics. They give the
right result in principle, in the limit of infinite computer time, but there is no internal standard
to tell when the process has converged.

Statistical Mechanics Enabled Using Separable Energies (SMEUSE) is an unconventional
alternative approach whereby some different set of conformational parameters is devised along
with a different formulation of the internal energy, such that each additive term in the energy
depends on its own disjoint subset of parameters.

1 One step in this direction was to formulate a 12-dimensionalconformation space for very
small proteins by first translating and rotating each structure in a standard way (reminiscent
of Bookstein coordinates) and then keeping the first 12 termsof the discrete cosine trans-
forms of the chain coordinates (Crippen and Ohkubo, 1998). Keeping a discrete sampling
of conformations in such a simplified space made it possible to calculate protein folding
thermodynamics and kinetics that showed many realistic features.

2 Quantitative agreement with experimental folding thermodynamics could be achieved for a
series of 67 mutants of the well studied protein barnase in a model where the native and
denatured states were represented by Gaussian distributions in energy (Crippen, 2001). This
included both thermal and urea denaturation.

3 Having found that Haar wavelet transforms were even more suitable for building a protein
conformation space via a standard positioning scheme (Crippen, 2003), we used them to build
a separable energy function where the variables were the distances between the centroids of
the first and second halves of the chain, first quarter and second quarter, etc. in a hierarchy of
increasing detail (Wang and Crippen, 2004). It was possibleto adjust the 26 parameters of a
simple energy function so that the native structures of seven dissimilar proteins were thermo-
dynamically favored over their denatured states. Then another 480 test proteins representing
a wide variety of folds were similarly predicted to be stablein their native states, even though
they had little sequence similarity to the training set proteins.
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3 Cluster distance geometry

In terms of Cartesian coordinates forn points or atoms inR3, there are3n − 6 conformational
degrees of freedom, up to a rigid translation and rotation. However, the relation to standard pair-
wise interaction energy terms is not simple overall, as explained above. On the other hand, there
aren(n − 1)/2 distances between points, each corresponding to a different additive pairwise
energy term, but there are obviously too many of them to function as mutually independent con-
formational variables. There are well understood mathematical relations among the distances,
such as the triangle inequality among three points and otherrelations among sets of four, five,
and six points (Crippen and Havel, 1988).

For simple models of protein folding, one often represents the polypeptide chain by a single
point per amino acid residue, rather than one point per atom.In cluster distance geometry,
one can further simplify the chain into a succession of blocks of b sequentially contiguous
residues (Crippen, 2004a). Then instead of dealing with squared distances between points,
d2

ij, the focus is on the sum of squared distances between the points in two blocks,DIJ =
∑

i∈I

∑

j∈J d2

ij. This reduces the number of conformational variables by a factor of b2 while
still capturing features like maximal packing density, limits on chain extension, and proximity
between different parts of the chain. For conformations inR

3, the relations among thed2

ij

apparently map into the equivalent relations among theDIJ .
A simple energy model is to say that wheneverDIJ is less than some cutoff, all the residues

in block I interact with all those inJ , and each interresidue interaction contributes some value
depending on the unordered residue type pair. These contributions are the20 × 21/2 = 210
adjustable parameters. For proteins having a single chain of no more than 128 residues grouped
into blocks of 8 residues, all possible conformations lie ina 16 × 15/2 = 120 dimensional hy-
perrectangle of theDIJs. The total conformation space was subdivided into 71 sub-rectangles
to exclude regions incompatible with the triangle inequality. The configurational part of the
partition function could easily be evaluated by integrating exp(−E/kT ) over each rectangle,
counting the native state to be the one rectangle containingthe crystal structure, and the dena-
tured state to be the sum of the statistical weights of all theother 70 rectangles. Adjusting the
210 parameters to favor the native state of 32 proteins resulted in the correct prediction of the
native state for 146 proteins unrelated to the training set (Crippen, 2004b).

Results can be improved by going to four residues per block and more precisely enforcing
the constraints on structures inR

3 by representing all possible conformations in terms of 50 sig-
nificantly different interblock contact matrices calculated from real three-dimensional protein
structures. For instance, one of these matrices has essentially no contacts and thus corresponds
to the vast array of denatured state conformations where thepolypeptide chain is fully exposed
to the solvent. Using only 31 proteins to adjust the 210 energy parameters, the native states of
698 unrelated proteins are favored (Crippen, 2005).

4 Conclusion

By employing low-resolution models of proteins in terms of structural variables directly re-
lated to energy terms, one can avoid a hopeless global searchproblem and produce models with
substantial predictive power. Clearly much remains to be done in terms of better structural res-
olution and more precise agreement with experimental thermodynamics and kinetics of protein
folding.
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