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ABSTRACT
The 3D structure determination of a protein is crucial for structure-guided drug development and the homology
modeling approach is the most accurate method among the computational methods, yielding reliable models. Loop
predictions are required in many protein homology modeling studies and raise the problem of loop closure. Loop
closure problems have been solved mainly by “ab-initio” methods or by employing databases. “ab-initio” methods
mostly use standard bond lengths and angles. However, backbone bonds and angles are not standard in different
crystallographic structures, thus, is it possible to achieve high quality loop closure by employing standard bond
lengths and angles? To explore this issue we reconstructed loops from the structurally refined proteins with
standard parameters but retained the experimental backbone dihedral angles. This was tested by stepwise
construction from one of the terminals (N- and C-) toward the other as well as from both terminals towards the
center. We conclude that introducing variability for bond lengths, for bond angles and for omega dihedrals, is
essential for accurate prediction of loops. As well, constructing loops from both terminals toward the center give
more precise models, closer to native structures.
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INTRODUCTION
The 3D structure determination of a protein is crucial for
structure-guided drug discovery and development [1-4].
Since experimental structures are available only for a
small number of sequenced proteins [5], alternative
strategies are required to predict reliable models for
proteins whose structures not determined yet by X-ray
diffraction or NMR [6].
Homology Modeling (HM) also termed Comparative
Modeling (CM) is useful if a sequence has ≥ 30% identity
to another sequence with known structure [7, 8]. In HM
techniques, pair-wise or multiple sequence alignments
suggest which parts of the sequence may be “mapped”
into the known structure. In many cases, helices and
sheets are found to be structurally conserved regions
(SCRs), while the structurally variable regions are the
protein “loops” or “coils”, those stretches of sequence
whose structure can not be defined by standard
geometric parameters and are “connecting” secondary
structure elements. Thus, the main predictive efforts in
homology/comparative modeling are directed to these
variable loops and to the side chains [9-11].

http://jbr.aizeonpublishers.net/content/2012/1/jbr8.pdf

Loop modeling may be handled by both “ab-initio”
methods or by database search techniques. “ab-initio”
loop prediction is based on a conformational search and
enumeration of conformations in a given environment,
guided by a scoring function [12], while database
approaches to loop prediction consist of finding segments
of main chain from a database, so that they fit the two
stems of the desired loop [13].
Modeling a loop requires to satisfy the constraints of
connecting the two protein segments on either end of the
loop with a physically reasonable peptide conformation.
The stem regions of a loop set constraints on the available
conformations, thus reducing the size of the
conformational space, but satisfying these constraints still
presents an algorithmic challenge.
In “ab-initio” methods, if a loop is constructed from the Nterminal anchor, then the loop must be adjusted to
properly connect the protein at the C-terminal anchor. If
the loop is constructed from both the N- and C- terminal
anchors, the resulting segments must fit and be
connected at the middle of the loop. Two main issues in
loop prediction are the accuracy (measured by root mean
square deviation “RMSD”) and the loop length. These two
41
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are not necessarily disconnected, as it is expected that
predicting longer loops might be less accurate.
Many “ab-initio” loop prediction methods, employ
standard bond lengths and angles [14-16] or have
demonstrated their technique with the original bond
lengths and angles while optimizing only the backbone
dihedrals [17], and thus have to deal with the “loop
closure” issue. It is important to remember that “success”
in loop prediction is measured against known protein
structures. A successful loop closure while keeping its
experimental bond lengths and angles may not necessarily
be valuable in homology modeling, where bonds and
angles are unknown.
Several solutions have been presented to solve the “loop
closure” problem with standard bonds, bond angles and
peptide dihedrals: Go and Scheraga were the first to
develop a procedure for predicting the conformation of a
fragment joining two polypeptides of known structure.
The Go and Scheraga algorithm [18] finds analytical
solutions to the φ and ψ angles for a stretch of 3 residues,
given the position and orientation of each end. The work
of Coutsias et al [15] is a modification of the Go and
Scheraga procedure that allow small bond angle
variations.
Moult and James [19] generated different conformations
by using the dihedral angles around single bonds in a
polypeptide backbone (φ and ψ) and side chains (χn) with
standard geometry for the bond lengths, bond angles, and
peptide torsion angles. Loops were constructed from both
N- and C- anchors, toward the center, with a set of mainchain conformations for each residue of these half
lengths. The geometry of each complete main-chain
conformation (formed by up to 11 pairs of φ and Ψ
dihedral angles for each amino acid) is then adjusted by
energy minimization to obtain bond lengths, bond angles,
and peptide dihedrals throughout that are within
acceptable deviations from the standard values.
Shenkin et al [20] devised the “random tweak” algorithm.
Starting from a random conformation, all dihedral angles
are modified at once in each step of the iteration until the
distance constraints between the end residues are
satisfied. The algorithm involves the variation of only
dihedral angles. Ensembles of 100 properly closed
backbone structures for each loop were generated under
several conditions of Van-der-Waals interactions within
the loop and with the rest of the protein. These authors
tested the method on 6 CDR loops of an immunoglobulin,
with lengths of 5-19 residues. Xiang et al [21] extended
the use of the random tweak to form “colonies” of loops
based on energies and RMSD values, in an iterative
process, and obtained good results. In the “colony energy,
which includes a measure of the entropy, the average
global RMSD of 8- and 12-residue loops is 1.45Å and
3.42Å, respectively.
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Sudarsanam et al [22] described a loop modeling
procedure which uses a database of ф(i+1), Ψ(i) backbone
values from some 50,000 dimers in a non-redundant
version of the PDB. Loops were predicted by taking
backbone dihedral angle values for the appropriate dimer
in the sequence from the database, and generating 10,000
to 50,000 loop conformations, depending on the loop
length. The resulting fragments, of length 5-9 residues,
were then filtered using the geometric restraints of the
flanking residues.
Deane and Blundell [14] developed an approach for the
“ab-initio” generation of an exhaustive set of candidate
fragments, which are stored in a database that can be
used for modeling any region of a polypeptide. These
candidate fragments are then evaluated using a set of
rule-based filters to find the best polypeptide fragment in
the environment of the target protein. The polypeptide
fragments are from a computer-generated database
encoding all possible peptide fragments up to twelve
amino acid long. Each amino acid can be introduced with
one out of eight possible Φ/ψ pairs, that were obtained in
order to represent the protein databank. DePristo et al
[16] suggested a method that samples fine-grained,
residue-specific Φ/Ψ state sets to find conformations that
satisfy a number of geometric and knowledge-based
filters, including reasonable Φ/Ψ angles, gap-closure and
excluded-volume restraints. Applied to a large number of
loop structures, this method samples consistently nearnative conformations, averaging 0.4, 1.1 and 2.2Å for
main-chain RMSDs of 4, 8 and 12 residue long loops.
The CCD algorithm of Canutescu and Dunbrack [17]
employs experimental angles and adjusts one dihedral
angle at a time to minimize the sum of the squared
distances between three backbone atoms of a moving Cterminal and the corresponding atoms in the fixed Cterminal. The algorithm proceeds iteratively through all of
the adjustable dihedral angles from the N-terminal to the
C-terminal end of the loop. In the CCD algorithm, the
average of the best backbone RMSD for loops of 4, 8 and
12 amino acids is 0.56, 1.59 and 3.04Å, respectively. The
CSJD algorithm of Coutsias et al [15] generalizes previous
work on analytical loop closure and allows for a small
degree of flexibility in the bond angles and the peptide
torsion angles. For constructing larger loops the authors
employ an existing loop construction algorithm [23] which
samples the allowed regions of the Φ/Ψ map in a discrete
manner while screening possible side chain clashes with a
rotamer library. This algorithm is used to construct the Nand C-terminal branches except for a three residue gap in
the middle of the loop, and the analytical loop-closure
algorithm is used to close that gap. The best RMSD values
obtained from this method are 0.40, 1.01, and 2.34Å for 4,
8 and 12 residue loops, respectively.
It is thus common to employ dihedral angles φ and ψ from
experimental results or by rotating them incrementally, to
achieve loop closure. This is more tedious with larger
loops. Dihedral angle variations are detected more easily
42
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by the “naked eye” of the researcher, while much less
attention is directed to variations of bond lengths and
angles. This is also the case of peptide dihedral angles,
which are easily characterized as “cis” or “trans”.
Considering the variations of bond lengths, angles and
peptide dihedrals is computationally more demanding.
Therefore, it is more common to use standard values for
these three types. The main question that we pose here
is: what is the effect of using such standard values on the
success in loop prediction? This is a relevant question in
most of the cases mentioned above: it is intricately
related to the limit on the number of variables that one
introduces into a general method for loop closure, and it
is thus some function of the loops’ length.
In this paper we demonstrate the influence of standard
bond lengths on loop closure of several loop sizes and
evaluate the deviations, caused by using standard values,
from experimentally determined conformations.
METHODS
Test Set

Twenty eight loops were studied, of which ten were
tetramers, ten octamers and eight 12-mer loops.
Construction of these loops by several methods was
compared (vide infra). They are parts of structures that
have been solved to a resolution better than 1.6Å and
have a low mutual sequence identity < 20%.
Reconstructing experimentally determined loops

Experimentally determined loops were “cut off” from the
protein and reconstructed with standard values for bond
lengths, bond angles and ω dihedral angles, while
retaining the experimentally determined φ and Ψ dihedral
angles. Standard values employed for bond lengths and
angles, from the AMBER potential energy function, are
presented in table 1. In table 1, we also present the
averages and standard deviations for these bonds and
angles in our own database of twenty eight loops and in
the literature. The two stems at the N- and C- terminals of
the loops were retained for the loop positioning, while the
rest of the protein structure played no role in this
examination.

A

Values taken from Engh &Huber [24]. It is worth to assign that the Engh
and Huber values are used as stereo-chemical restraint targets in most
macromolecular refinement programs [25].
B
Values taken from Morris et al [26].
C
Values calculated over the 28 loops considered in our analysis.
D
Standard values used in our analysis taken from the AMBER potential
energy function [27].

Construction was achieved by two methods. In the first,
loops were constructed stepwise from one of the
terminals (N- or C-) toward the other, and in the second,
construction took place from both terminals concurrently,
to their meeting point at the center. The influence of ω
dihedral angles was examined by repeating the
construction with both these methods, while retaining the
experimental ω values.
RESULTS AND DISCUSSION
In this work we examine how the use of standard bond
lengths and bond angle affect the success in loop
predictions.
Reconstructing loops with standard values

We reconstructed experimentally determined loops by
replacing their bond lengths and bond angles, as well as
their peptide dihedral angles with standard values, while
keeping the crystallographically determined φ and ψ
angles all along. With these values, we compared three
stepwise loop construction techniques in search for a
preferred one, in which the errors introduced by standard
values may hopefully be kept to a minimum.
Constructing loops from N- to C- terminals, with standard
bond lengths, bond angles and ω dihedral angles resulted
in deviations from experiment, that are shown in figure 2,
together with the results of loop construction in the
opposite, i.e., C- to N- direction as well as by simultaneous
construction from both terminals toward the center.
Figure 2a presents the RMSD values of the constructed
loops compared to experimental, in a histogram, for the
various loop sizes. As well, figure 2b presents the average
absolute differences between the standard C-N bond
length and the distance between C and N atoms at the
meeting point.

Table 1. Averages and standard deviations of standard bond
length, bond angles and omega dihedral angles: experimental
parameters, measured values of the twenty eight analyzed
loops, and values used as standard values in the analysis.
A

Mean
Bond
length
[Å]

Bond
0
angle [ ]

Dihedral
0
Angle[ ]

C

C-N
N-CA
CA-C
CAC-N
C-NCA
NCA-C

1.329
1.458
1.525

Std.
A
Dev.
0.014
0.019
0.021

116.2

2.0

117.0

2.0

116.6

121.7

1.8

121.5

2.4

121.9

111.2

2.8

111.7

3.4

110.3

ω

180.0

179.9

4.9

180.0

B

5.8

B

Mean

values

1.329
1.458
1.522

Std.
C
Dev
0.010
0.012
0.010

D

1.335
1.449
1.522
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2a. Average RMSD for the various constructed loops, in
comparison to experiment.
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absolute differences between the standard C-N bond
length and the distance between C and N atoms at the
meeting point, are shown in figure 3b.

2b. Average absolute differences between the standard C-N
bond length and the distance between C and N atoms at the
meeting point
Figure 2. Deviations from experiment while reconstructing
experimentally determined loops with standard bond lengths,
standard angles and standard ω dihedral angles.

3a. average RMSD for the various constructed loops, in
comparison to experiment.

3b. average absolute differences between the standard C-N
bond length and the distance between C and N atoms at the
meeting point
Figure 3. Deviations from experiment while reconstructing
experimentally determined loops with standard bond lengths,
standard angles and experimentally determined ω dihedral
angles.

Building the loops from N- to C- terminals, with standard
bond lengths and bond angles, but retaining each loop’s
experimentally determined ω dihedral angles, resulted in
much smaller deviations from experiment, that are given
in figure 3, together with the results of loop construction
in the opposite direction and simultaneous construction
toward the center. RMSD values for loop construction
with experimental ω are presented in figure 3a. Average
http://jbr.aizeonpublishers.net/content/2012/1/jbr8.pdf

Loops constructed from both terminals simultaneously
have significantly lower RMSD values in comparison to
loops that are constructed from one terminal toward the
other. As could be expected, there is no apparent
difference between RMSD values for loop construction
from N- to C- terminal or in the opposite direction. It is
possible that, when the loop is built from both ends, there
is a better dispersion of accumulated errors. Thus,
construction of loops in loop prediction methods from
both terminals toward the center seems to be a better
practice.
In the stepwise addition of residues by all three methods,
RMSD values become worse as the number of residues in
the reconstructed loops increases. Retaining the
experimentally determined ω dihedral angles decreases
the average RMSD values to ~50-80% of their original size.
It is not clear to us why the introduction of correct ω
values has such a dramatic effect. Part of the reason could
be the larger standard deviation (Table 1) of these
dihedrals compared to the deviations of bonds and angles.
However, the substantial improvement by using
experimental ω dihedrals rather than the standard 180°
ones has no easy practical outcome.
“ab initio” prediction of loop structure by stepwise
construction can not be based on precise bond lengths
and angles, because they are unknown. The alternative
strategies are: 1. Use standard bonds and angles [14-16];
2. Apply variations for bond lengths and bond angles, as
well as for the peptide dihedral angle and 3. Use amino
acid units from experimental results [13, 17]. In the
second strategy, there could be many options for each
unit rather than a single “standard” which has average
bond lengths and angles. As a result, the problem of loop
construction becomes “combinatorial” in nature.
Therefore, this second approach requires a stochastic
construction of many alternatives [13], with a reliable
evaluation that includes the loop closure requirement.
The third approach calls for generating the equivalents of
“Ramachandran plots” for bond lengths and angles of
amino acids, or just to vary each by some reasonable
amount within specific limits, which could be derived from
table 1. This would include also variations in the ω angles.
Such an approach requires, again, a method that can deal
with the combinatorial nature of the many options that
are produced. Construction according to the first option,
with standard values, requires a combinatorial solution as
well [12]. In our study we reconstructed loops by keeping
their original dihedral angles. But, in “real life”
predictions, the dihedrals must be searched as well. Thus,
it is again a combination of the angles along the backbone
that will determine the loop closing ability. In that case,
we suggest to construct from both terminals
simultaneously, toward the center [13]. This approach
minimizes the deviations, whatever the length of the loop.
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Finally, some of the reports in the literature of loops and
of cyclic peptides (“self closing loops”) present only
dihedral angles and not bond lengths and bond angles.
Attempts to reconstruct such loops from the dihedral
angles only fail, due to the importance of the bond length
and angle variations between residues. It is thus
inappropriate to assume that reporting dihedral angles
alone may be sufficient for loop closures.
CONCLUSIONS
The inherent flexibility of amino acid parameters should
be taken into account in any high-resolution structure
prediction in proteins. Two tips that could be useful while
predicting loop structure: 1) introducing variability for
bond lengths, bond angles and for ω dihedrals is essential
for accurate prediction of loops; 2) loop construction from
both terminal towards the center is preferable, for
minimizing the errors caused by using standard values.
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