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Abstract— Accurately modeling protein loops is critical to 
predicting three-dimensional structures and understanding 
functions of many proteins. Local interactions between 
neighboring residue configurations contribute significantly to 
forming loop conformations. In this paper, we improve our 
statistical potential energy function (J. Phys. Chem. B 114(5): 
1859-1869, 2010) for loop backbone torsion angle 
conformations by taking influences from the second nearest 
neighbor effect (SNNE) into consideration. This is based on 
our study showing that the second nearest neighbors along a 
protein sequence still have non-negligible influences on the 
torsion angles conformation of a loop residue while such 
correlations from further neighbors are much weakened. A 
biologically meaningful reference state is also introduced. 
Accuracy and sensitivity enhancements of the new loop torsion 
potential energy are observed on a decoy set with 4- to 12-
residue loop targets. 

Keywords- Protein Loop Structure, Backbone Torsion Potential, 
Local Interactions 

I.  INTRODUCTION 
The loop regions in proteins are flexible segments of 

polypeptides connecting two conserved secondary structure 
elements, whose sizes and sequences may vary between 
homologous proteins. Loops play critical roles in stabilizing 
protein structures and performing important protein 
functions. Accurately modeling loop conformations is 
important in a wide variety of structural biology applications, 
including comparative modeling [1], NMR segment defining 
[2], protein modeling with Cryo-electron microscopy density 
map [3], protein design [4], characterizing protein functions 
[5, 6], and ion channel simulations [7, 8].  

The coarse-grained structure of a protein can be 
described by a reduced representation of its backbone torsion 
angles ߶  and ߰ . From the Ramachandran plots [18], it is 
well known that the backbone torsion angles  ߶ and ߰ are 
strongly correlated to an amino acid type, due to the balance 
between local and global interactions. Shortle [9] has shown 
that the ߶ െ ߰ angles propensities of each amino acid type 
conform to the Boltzmann hypothesis. Consequently, 
backbone torsion angle statistics can be used to build 
knowledge-based energy potential functions [10-16], which 
have demonstrated effectiveness in identifying correct, 

native-like structures as well as guiding prediction of protein 
structure when combined with other terms. 

Secondary structures such as helices and sheets exhibit 
regular patterns in backbone torsion angles conformations 
[17]. Although not as obviously as helices and sheets, 
residues in loops also demonstrate favorability for certain 
torsion angle conformations. The distribution of ߶  and ߰ 
angles in a propensity map of a residue reflects the local 
interactions in forming a loop structure. In [19], we 
developed a knowledge-based potential energy function 
according to the propensity maps of residues in a loop, where 
the nearest neighbor effects (NNE), i.e., structural influences 
from a residue’s adjacent neighbors in sequence, are taken 
into account. The rationale is based on the fact that the 
nearest neighbors have the strongest correlations to account 
for substantial changes in loop structural conformation. 
Figure 1(a) shows the ߶ െ ߰ propensity map of LYS as a 
singlet in a loop, where two major clusters centered at (-75, 
140) and (-76, -21) and one minor cluster at (60, 42) are 
observed. The cluster at (-75, 140) is the largest among them. 
When ASP is the adjacent left neighbor in sequence, as 
shown in Figure 1(b), the statistical propensity is strongly 
biased to the cluster at (-76, -21), which agrees with our 
assumption in [19]. When ASP is one position away, in 
Figure 1(c), although such bias is significantly weaker, the 
cluster centered at (-76, -21) is still the largest, suggesting 
that the second nearest neighbor ASP has non-negligible 
influences on the ߶ െ ߰  conformation of LYS in loop 
structure. In contrast, the propensity map of LYS with ASP 
two positions away in Figure 1(d) is almost indistinguishable 
to that of LYS as a singlet. This indicates that the influences 
from neighboring residues further than two positions away 
can be safely ignored. In conclusion, the second nearest 
neighboring effects (SNNE) can have non-negligible 
contributions on torsional angles conformation of a loop 
residue. Capturing SNNE correlation and incorporating them 
into the knowledge-based potential can potentially lead to 
accuracy and sensitivity improvements. 

In this paper, we introduce an approach to incorporate 
SNNE into our loop backbone torsion potential described in 
[19] to improve its accuracy and sensitivity. Torsion 
probability density functions that quantify any adjacent ߶ െ ߰  pair distribution in the context of all possible 



combinations of local residue types in between the second 
nearest neighbors are constructed. These torsion probability 
density functions are used to derive NNE and SNNE terms. 
Biologically meaningful reference states are also introduced. 

We benchmark the new loop torsion potential energy on the 
4- to 12-residue loop decoys in Jacobson’s decoy set [20]. 
Further analysis and discussions are also provided. 
 

 
Figure 1: ߶ െ ߰ propensity maps of LYS in the loops in presence of left neighboring ASP. (a): LYS as a singlet. (b, c, d): 
LYS with ASP as the nearest, one position away, and two positions away neighbors in sequence, respectively. The nearest 

and second nearest neighbors have strong influences to the backbone torsion angle conformations of LYS and the influences 
from further neighbors are significantly weakened. 

II. METHODS 

A. Data Sets 
We use the protein chain dataset Cull16633 generated by 

the PISCES server [21] on 10/21/2011 to collect loop 
samples to construct torsion probability density functions for 
our loop torsion potential. Loops in Cull16633 with 
undetermined structures/residues are ignored. The secondary 
structure assignment for each residue is determined by the 
DSSP program [26]. Cull16633 contains 16,633 protein 
chains with at most 50% sequence identity, 3.0A resolution 
cutoff, and 1.0 R-factor. 

B. Torsion Probability Density Functions with Second 
Nearest Neighbors 
From the observed backbone correlations between the ߶ 

and ߰  torsion angles and the residue types, we capture a 
direct sequence structure relationship in a loop configuration 
probability that is an explicit function of sequence residue 

types and torsion angles, ܲሺݏ݁ݑ݀݅ݏ݁ݎ,  ሻ. We useݏ݊݋݅ݏݎ݋ݐ
this function for evaluating the backbone structures of 
unknown loops with given sequences, for which the rest of 
protein structure is known.  

We extract local information on sequence-structure 
correlations from known loops in the Cull16633 and use this 
information to calculate sequence-structure probabilities. 
Local information is expressed in the form of 
Ramachandran-like maps of two successive torsion angles 
in the context of up to three consecutive residue types. They 
are then converted to observed occurrence frequencies in the 
generic forms ܲሺ߶௜߰௜|ܴ௜ሻ , ܲሺ߶௜߰௜|ܴ௜ା௣ܴ௜ሻ , ܲሺ߶௜ାଵ߰௜|ܴ௜ܴ௜ାଵሻ, or ܲሺ߶௜ାଵ߰௜|ܴ௜ା௣ܴ௜ܴ௜ାଵሻ , where ܴ௜ା௣ 
is a neighboring residue p positions away from ܴ௜ along the 
protein sequence. These are frequency functions in torsion 
angle and residue type variables as they occur in the native 
structures, which are used to estimate the probability of a ߶ െ ߰ or ߰ െ ߶ pair adopting a certain conformation under 
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its neighboring amino acid environment. They are computed 
for small subsystems that can be assembled with the 
probabilistic chain rules to estimate the probability of the 
larger loops to be in native conformations.  

A powerful statistical procedure for constructing 
probability density functions (PDF) from Ramachandran 
plots has been developed in our previous work [19] and is 
used here as well. It allows us to generate smooth PDF 
surfaces even when the Ramachandran maps are very 
inhomogeneously and sparsely populated. 

When SNNE is taken into consideration, the PDF of a ߶ െ ߰ pair within its neighboring amino acid environment 
is calculated by ܲሺ߶௜߰௜|ܴ௜ିଶܴ௜ିଵܴ௜ܴ௜ାଵܴ௜ାଶሻൌ ܲሺ߶௜߰௜|ܴ௜ܴ௜ିଶሻܲሺ߶௜߰௜|ܴ௜ܴ௜ିଵሻܲሺ߶௜߰௜|ܴ௜ܴ௜ାଵሻܲሺ߶௜߰௜|ܴ௜ܴ௜ାଶሻܲሺ߶௜߰௜|ܴ௜ሻଷ . 

(1) 

Similarly, the PDF of a ߰ െ ߶ pair is estimated by ܲሺ߶௜ାଵ߰௜|ܴ௜ିଵܴ௜ܴ௜ାଵܴ௜ାଶሻൌ ܲሺ߶௜ାଵ߰௜|ܴ௜ିଵܴ௜ܴ௜ାଵሻܲሺ߶௜ାଵ߰௜|ܴ௜ܴ௜ାଵܴ௜ାଶሻܲሺ߶௜ାଵ߰௜|ܴ௜ܴ௜ାଵሻ, .                        ሺ2ሻ 

C. Loop Torsion Potential Energy 
In this work, we employ Sippl’s potentials of mean force 

approach [24] to obtain the statistics-based loop torsion 
potential energy functions. According to the inverse-
Boltzmann theorem, the knowledge-based energy potential ܷ is calculated as ܷ ൌ െ݈݇ܶ݊ ௢ܲ௕௦௥ܲ௘௙, 
where k is the Boltzmann constant, T is temperature, Pobs is 
the observed probability, and Pref is the referenced 

probability. The observed probability of a torsion pair is 
calculated by equations (1) or (2). In order to calculate the 
referenced probability, we also generate the PDFs ܲሺ߶௜߰௜| ௜ሻ, ܲሺ߶௜߰௜|ܴ௜ା௣כ ௜ሻ, ܲሺ߶௜ାଵ߰௜|ܴ௜ା௣כ ௜ାଵሻ, and ܲሺ߶௜ାଵ߰௜|ܴ௜ା௣כ௜כ  ,௜ାଵሻ from the known loops in Cull16633כ௜כ
where “*” represents any one of the twenty amino acid 
types. Then, following Samudrala and Moult’s principle 
[25], the referenced probabilities of a ߶ െ ߰  pair and a ߰ െ ߶ pair with SNNE are estimated as ܲሺ߶௜߰௜|ܴ௜ିଶܴ௜ିଵ ௜כ ܴ௜ାଵܴ௜ାଶሻൌ ܲሺ߶௜߰௜| ௜כ ܴ௜ିଶሻܲሺ߶௜߰௜| ௜כ ܴ௜ିଵሻܲሺ߶௜߰௜| ௜כ ܴ௜ାଵሻܲሺ߶௜߰௜| ௜כ ܴ௜ାଶሻܲሺ߶௜߰௜| ௜ሻଷכ  

and ܲሺ߶௜ାଵ߰௜|ܴ௜ିଵ ௜ାଵכ௜כ ܴ௜ାଶሻൌ ܲሺ߶௜ାଵ߰௜|ܴ௜ିଵ |௜ାଵሻܲሺ߶௜ାଵ߰௜כ௜כ ௜ାଵכ௜כ ܴ௜ାଶሻܲሺ߶௜ାଵ߰௜|  , ௜ାଵሻכ௜כ
respectively. Then, the torsion pair potentials with SNNE 
terms are calculated as  ܷሺ߶௜߰௜ሻ ൌ െ݈݇ܶ݊ ܲሺ߶௜߰௜|ܴ௜ିଶܴ௜ିଵܴ௜ܴ௜ାଵܴ௜ାଶሻܲሺ߶௜߰௜|ܴ௜ିଶܴ௜ିଵ ௜כ ܴ௜ାଵܴ௜ାଶሻ 

and  ܷሺ߶௜ାଵ߰௜ሻ ൌ  െ݈݇ܶ݊ ܲሺ߶௜ାଵ߰௜|ܴ௜ିଵܴ௜ܴ௜ାଵܴ௜ାଶሻܲሺ߶௜ାଵ߰௜|ܴ௜ିଵ ௜ାଵכ௜כ ܴ௜ାଶሻ, 
correspondingly. 

Finally, by integrating all torsion pair potentials 
together, the overall loop torsion potential is calculated as 

୪ܷ୭୭୮ ؆ ෍ ܷሺ߶௜߰௜ሻ௜ ൅ ෍ ܷሺ߶௜ାଵ߰௜ሻ௜ . 

 

 



 

 

 

 

 
Figure 2: Comparison between potential with NNE terms only (left) and potential with both NNE and SNNE terms (right) on 

several 9-residue loop targets in Jacobson’s loop decoy set. 



III. RESULTS 
The energy-RMSD (Root Mean Square 
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V. SUMMARY 
In this paper, we show that the second nearest 

neighboring residues still have non-negligible correlations 
with the backbone ߶ െ ߰ conformation of a loop residue. 
Hence, we improve our statistical loop torsion potential 
energy by incorporating SNNE terms. Accuracy and 
sensitivity enhancements are observed in 4- to 12-residue 
loop targets in Jacobson’s decoy set [20].  

Our loop torsion potential uses a reduced representation 
of protein loop structure, which is particularly suitable for 
coarse-grained loop structure modeling or loop sequence 
design. The loop torsion potential is effective on loops 
where the local interactions play a dominant role. When 
strong global interactions are present, using the loop torsion 
potential only may be insufficient. Nevertheless, together 
with other potential energy functions for global effects, our 
loop torsion potential also shows effectiveness in 
discriminating correct loop models [22] as well as 
predicting loop structures with high resolution [23]. 
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