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The importance of loops for the overall three-dimensional structure and function of proteins has been
pointed out before (see, e.g., [1]). Despite their short length, loops are of major importance. Without
loops, many proteins could not fold into compact structures, and loops are often exposed to the surface
and contribute to active and binding sites. Since loops possess greater structural flexibility than strands
and helices, and since they have relatively few contacts with the remainder of the structure, loop
structure is considerably more difficult to predict than the geometrically regular B-strands and helices.

Loop structure prediction can be considered a mini ab initio protein folding problem. Some of the
methods that have been established for protein structure prediction [2] are ruled out for loop structure
prediction, however. Comparative modeling is not suited for loop structure prediction, because the
correlation between amino acid sequence and three-dimensional structure is only weak for short
sequences [3]. In fold recognition methods, loops often contribute to the overall rmsds in a
disproportionate way and limit the prediction quality [4,5]. The need for higher precision loop structure
predictions in the context of comparative modeling has motivated recent research on first principles
based methods for loops [4-7].

Recent progress in loop structure prediction has been achieved with approaches that combine dihedral
angle sampling, steric clash detection, clustering, and scoring or energy function evaluation to build up
ensembles of loop conformations, and to select representative structures from those ensembles. Methods
for loop structure prediction that are based on dihedral angle sampling and building up ensembles are
not new [8]. Much of the recent progress can be attributed to the availability of greater computer power
that, among other things, allows for finer discretizations of the dihedral angle space, as well as for
sampling more conformers.

All recent papers on loop structure prediction have considered the loop reconstruction problem. In this
problem, the anchor geometry of the protein into which the loop must fit is assumed to be known. In
contrast, this work addresses the structure prediction of loops with flexible stem residues. While the
secondary structure of the stem residues is assumed to be known, the geometry of the protein into which
the loop must fit is considered to be unknown in our methodology. As a consequence, the compatibility
of the loop with the remainder of the protein is not used as a criterion to reject loop decoys. The loop
structure prediction with flexible stems must be considered more difficult than fitting loops into a known
protein structure in that a larger conformational space has to be covered. The main focus of this work is
to assess the precision of loop structure prediction that can be attained if no information on the protein
geometry is available.

The proposed approach is based on (i) dihedral angle sampling, (ii) structure optimization by energy
minimization with a physically based energy function, (iii) clustering, and (iv) a comparison of
strategies for the selection of loops identified in (iii). Steps (i) and (ii) have similarities to previous
approaches to loop structure prediction with fixed stems. Step (iii) is based on a new iterative approach
to clustering that is tailored for the loop structure prediction problem with flexible stems. In this new
approach, clustering is not only used to identify conformers that are likely to be close to the native
structure, but clustering is also employed to identify far-from-native decoys. By discarding these decoys
iteratively, the overall quality of the ensemble and the loop structure prediction is improved. Step (iv)
provides a comparative study of criteria for loop selection based on energy, colony energy, cluster
density, and a hybrid criterion introduced here. The proposed method is tested on a large set of 3215
loops from proteins in the PdbSelect25 set and to 179 loops from proteins from the Casp6 experiment.



We assess the quality of the ensembles generated by dihedral angle sampling and energy optimization.
This assessment is done separately from the evaluation of different methods for selecting low rmsd
conformers. To our surprise we found that the average of the smallest rmsd found in ensembles of 2000
conformers depends linearly on the length of the sequence. This observation holds for all loop lengths
treated, that is, for loops of length 10 (4 loop and 6 stem residues) through length 20 (14 loop and 6 stem
residues). Since we gathered statistics for a large set of 3394 loops extracted from the PdbSelect25 set of
proteins and the Casp6 targets, this result clearly is not an artifact of selecting prediction targets that give
favorable results. This result is surprising, since the conformational space to be sampled grows
exponentially.

We compare several methods for selecting conformers from the ensemble that are close to the native
structure, namely potential energy, colony energy [9], and cluster size before and after application of the
new clustering algorithm. The comparison shows that that energy is approximately as good as colony
energy, cluster size before clustering is on average better than both energy and colony energy, and
cluster size after iterative clustering is the best criterion. Furthermore we find that the clustering
algorithm proposed here does not discard those conformers that have the lowest energies or colony
energies. This confirms that conformers that are ranked high with established methods are not discarded
by our new clustering approach.

For the large set of loops we investigated, the rmsd predicted by cluster size after iterative clustering,
averaged over the ensembles of all loops of the same length, is a linear function of loop length. The
slope of this linear function is, however, larger than the slope of the average smallest rmsd as a function
of loop length. Furthermore, there is a gap between these two linear functions. This indicates that the
prediction quality is currently not limited by the dihedral angle sampling, but by the strategy for
selecting a conformer that is likely to be close to native. The slope of the average smallest rmsd as a
function of loop length is recovered if we allow for five conformers to be selected rather than only one
from each ensemble. A hybrid strategy that selects the lowest energy, the lowest colony energy
conformer, and the centroids of the largest clusters after k=0, 1, 2 clustering steps gives the best results
and reduces the gap to the average smallest rmsds.

The loop prediction method developed here is ultimately going to be used in the context of an existing
ab initio protein prediction [10,11]. In this context, the loop prediction method must not assume
information on the surrounding protein to be given, but loops and the remaining parts of the structure
must be predicted simultaneously.
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