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Abstract

Sampling errors are very common in super long loop (referring here to loops that have more than
thirteen residues) prediction, simply because the sampling space is vast. We have developed a
dipeptide segment sampling algorithm to solve this problem. As a first step in evaluating the
performance of this algorithm, it was applied to the problem of reconstructing loops in native
protein structures. With a newly constructed test set of 89 loops ranging from 14 to 17 residues,
this method obtains average/median global backbone root-mean-square deviations (RMSDs) to the
native structure (superimposing the body of the protein, not the loop itself) of 1.46/0.68 A.
Specifically, results for loops of various lengths are 1.19/0.67 A for 36 fourteen-residue loops,
1.55/0.75 A for 30 fifteen-residue loops, 1.43/0.80 A for 14 sixteen-residue loops, and 2.30/1.92 A
for 9 seventeen-residue loops. In the vast majority of cases, the method locates energy minima that
are lower than or equal to that of the minimized native loop, thus indicating that the new sampling
method is successful and rarely limits prediction accuracy. Median RMSDs are substantially lower
than the averages because of a small number of outliers. The causes of these failures are examined
in some detail, and some can be attributed to flaws in the energy function, such as pi-pi
interactions are not accurately accounted for by the OPLS-AA force field we employed in this
study. By introducing a new energy model which has a superior description of pi-pi interactions,
significantly better results were achieved for quite a few former outliers. Crystal packing is
explicitly included in order to provide a fair comparison with crystal structures.
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INTRODUCTION

One of the most important and challenging tasks in protein modeling is the prediction of
loops. A number of different approaches have been developed and over time there has been
a gradual improvement of predictive accuracy.}16 These methods can be roughly divided
into two classes: ab initio (conformational search) and database search (or knowledge based)
methods. Ab initio methods build sterically feasible loop conformations from scratch, while
database search methods attempt to find a fragment from databases in the Protein Data Bank
that packs optimally into the space available to the target loop. Recently advances in ab
initio loop prediction have reached remarkable accuracy for loops up to thirteen
residues.8:12.13.16 Sjgnificant progress in database search has also been reported®’. Despite
considerable effort in both ab initio and database search methods, the prediction qualities of
most of the methods degrade as loops get longer.112 Despite the fact that the occurrences of
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loops longer than thirteen residues in Protein Data Bank are not as frequent as for shorter
loops, long insertions or deletions are very common in template-based protein structure
prediction, and many examples can be found from targets in Critical Assessment of
Structure Prediction (CASP, information about CASP can be obtained from
http://predictioncenter.org/). Loops of this length can also be quite important from a
functional point of view, in many cases lining active site cavities and interacting extensively
with ligands binding to the active site. In this situation, it is necessary to use ab initio
methods to predict the structure in that region. Our goal is to develop an ab initio method for
super long loops that is both accurate and efficient in its ability to predict native-like
conformations.

There are two principal challenges that are common to all high resolution protein structure
prediction methods: sampling and scoring. The two issues are in fact entangled with each
other in many if not most cases. Many loop prediction approaches begin with the generation
of a large number of loops and then use some scoring function to select those candidates that
are energetically favorable. Currently many scoring functions, including the one we use in
PLOPS:12 can do a very good job in identifying native-like conformations if they are
sampled. However, if the conformations generated are not very close to or even far from the
native loop, refinement of the model fails to progress adequately. This picture highlights the
importance of sampling, especially for long loops. One of the main obstacles in long loop
sampling is the combinatorial problem: the number of possible conformations of a loop
grows exponentially with the length of the loop. In spite of a lot of efforts, such as
hierarchical loop prediction algorithm with multiple stages, has been made in our group to
alleviate this problem812, sampling failures appear frequently when the current
methodology (i.e. that in in the released version of PLOP, as described in refs. 6 and 12) is
applied to super long loops.

We have developed a new approach, based on a dipeptide segment sampling algorithm for
super long loops, which is implemented in PLOP, our in-house software. When applying to
the newly constructed test set with loops ranging from 14 to 17 residues, this algorithm
produced substantial improvements as compared to the most recent PLOP loop sampling
algorithm reported in the literature. The algorithm is similar to that which we used
previously8-12, the most important modification is to use dipeptide segment sampling instead
of single residue sampling. In the following part of this paper, a brief review of our previous
method and a description of our new sampling method will be provided in Materials and
Methods. In the Results and Discussion section, we present the results of applying this
method to the super long loop test set, and then examine the implications of the results with
regard to the using of dipeptide sampling method. We find that a high fraction of results are
improved as compared to prior work, but some outliers remain. We have tested the effect of
replacing our current energy and solvation model with a preliminary version of a modified
model which has been optimized to improve side chain prediction accuracy, and this
substantially reduces outliers due to both sampling and scoring failures. Finally, in the
Conclusion, we summarize our results and discuss the future directions.

MATERIALS AND METHODS

In previous work®, the Hierarchical Loop Prediction (HLP) algorithm, which is implemented
in our in-house software PLOP, has been tested for its ability to reconstruct protein loops in
crystal structures for a wide range of loops up to 10 residues. The sampling algorithm and
energy function of HLP have been improved in our group for longer loops!2, ranging in the
length from 11 to 13 residues. However, both HLP and the improved method are not
effective enough for super long loops. Here super long loops refer to loops longer than 13
residues. In current paper, a new algorithm has been developed, which is a modification of
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the improved method, introducing a more powerful and robust sampling method designed
for super long loops: dipeptide segment sampling assisted by single residue sampling when
necessary. A full description of the previous protocols can be found elsewhere.6:12 We will
provide an overview of our previous methods, and then discuss the features of our new
method in detail, reviewing previous methods when appropriate.

Overview of Previous Methods

The previously published methods of a full loop prediction involve a hierarchy of stages. In
each stage, there are multiple single loop predictions. The lowest energy loops generated
from one stage are passed to the next, where more focused sampling is performed.

Specifically, as shown in Figure 1, the initial structure is passed to three, parallel, initial
prediction stages (only one is shown) labeled “Init.” The three initial stages differ by the use
of five different steric overlap factors: 0.50, 0.55, 0.60, 0.65 and 0.70, respectively. The
steric overlap factor is defined as the ratio of the distance between two atom centers to the
sum of their van der Waals radii, and specifies the criterion for rejection of an initially
constructed candidate loop (i.e., when the steric overlap factor for any atom of the loop
backbone exceeds the stipulated threshold, the candidate is discarded). Other steps in the
initial structure generation algorithm, such as clustering of similar loops, side chain
optimization, minimization, and final selection of low energy structures, are described in
references 6 and 12. The resulting five nonredundant (RMSD between any two structures is
larger than 0.7 A) lowest energy structures from each of the initial stages (25 in total) are
passed as new starting structures to the parallel refinement stages (only one is shown in Fig.
1) labeled “Refl”.

In the first refinement stage, each model retained from initial stage is subjected to a 4 A
constraint on each Ca atom in the loop during sampling. The sampling protocol discussed
above is rerun with this constraint in place, focusing the sampling effort in a substantially
smaller region of phase space for each simulation seeded with a given model. Finally, the
five nonredundant lowest energy loops from all “Ref1” stages are passed to the next stage,
that is, the first fixed stage labeled “Fix1”.

Fixed stages are optional, but they significantly improve the accuracy for long loops; the
algorithm is described in more detail in reference 12. Usually there is more than one fixed
stages in a full loop prediction, they are denoted as “Fix1”, “Fix2”, etc. In each fixed stage,
several short fragments of the target loop will be predicted for each model while other parts
of the loop are fixed on their given conformations. Here we take a 14-residue loop
prediction as an example. In “Fix1” stages, one terminal residue in either end of the loop is
fixed, so there are two possible positions for each 13-residue loop. Then we do two 13-
residue loop predictions on each model and pass a few best (that is, nonredundant and
lowest energy) resulting models to “Fix2” stages. In “Fix2” stages, totally two terminal
residues from both ends of the loop need to be fixed, so there are three possible positions for
each 12-residue loop. Three 12-residue loop predictions will be performed on each model
and then several best resulting models will be passed to the next stage, that is, stage “Fix3”.
In “Fix3” stages, totally three terminal residues from both ends of the loop need to be fixed,
four 11-residue loop predictions will be performed for each model and so on. After the last
fixed stages, a few best models are passed to the second refinement stages (only one is
shown in Fig. 1) labeled as “Ref2”.

In stage “Ref2”, the Co atoms in the loop are constrained to less than 2 A from their starting
coordinates. Loop prediction proceeds as in the Refl stage discussed above, with the tighter
constraint to the initial seed providing a still greater focusing of phase space in performing
the sampling. Finally, the lowest energy loop from all stages is taken as the predicted loop.
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A full loop prediction algorithm involves multiple executions of PLOP, enabling additional
sampling effort to be focused on loop subsections that are constrained to lie in regions of
phase space that have previously identified as promising. In each stage of a full loop
prediction, multiple single loop predictions are executed with different input parameters.
One single loop prediction corresponds to the execution of the PLOP once. Each single loop
prediction consists of four basic stages: buildup, clustering, loop side chain optimization and
complete energy minimization.

Buildup refers to the generation of an initial set of loop conformations that will be passed on
to the subsequent stages. The cornerstone of our previous loop sampling methodology is
dihedral angle search, which is conducted via “rotamer libraries” for backbone dihedral
angles (i.e., discretized version of the well-known Ramachandran plot). To obtain the
dihedral angle libraries, a large (>500 structures), nonredundant database of high-resolution
(<2 A) protein crystal structures have been used and every backbone dihedral angle was
recorded. The dihedral angles were then binned every 5°, and every (o, y) combination that
appeared more than five times in the database was included in the backbone library. The
resultant library, at 5° resolution, contains 747 (¢, w) combinations for Gly, 215 for Pro, and
866 for all other residue types.

The extreme high resolution of the backbone libraries was chosen to ensure that
discretization error does not fundamentally limit the achievable accuracy. However, it also
magnifies the exponential scaling of conformational space and computational expense. In
practice it is not possible to sample the backbone dihedral angle for a loop of any nontrivial
length using such a large library. Effective sampling resolution is used to alleviate the
problem. For a single residue, first the entire list of (¢, y) combinations is screened for steric
clashes. For computational efficiency, the screening is accomplished through the use of the
overlap factor. Multiplying the overlap factor by the sum of the van der Waals radii for a
given pair of atoms yields a cutoff. A clash occurs when the distance between the atoms is
less than the cutoff. The default overlap factor of 0.70 is used in PLOP. Then, the screened
rotamers are further filtered, retaining a set of (¢, y) states in which all pairs of states obey
the relation: Ag? + Ay? > Reg?, here Regf is the “effective resolution”. That is, the distance
between any two states in the set should be greater than certain cutoff.

The effective sampling resolution is chosen in an adaptive manner. The strategy is to define
in advance the minimum and maximum number of loops to be generated for a particular
loop length. If n is the loop length in residues, for loops no longer than nine residues, the
minimum number is 2"; for loops longer than nine residues, the minimum number does not
increase with the loop length any more, but fixes at 29, that is, 512. The maximum number is
108 for loops with any length. The effective resolution is then gradually decreased from a
very coarse value (300°), until the number of generated loops is intermediate between the
minimum and maximum numbers.

Loop buildup starts from both ends of the loop independently. Closed loops are generated by
applying a loop closure algorithm in the middle of the loop. The all closed loops are
subjected to a series of screens: N-Ca-C angle, backbone dihedral angles and sufficient
space for the side chain on the closure residue, and steric clashes between the two halves of
the loop.

The dihedral angle-sampling buildup procedure can generate many millions of loop
candidate structures. These loops have already been screened to ensure no steric clashes and
sufficient space for the side chains. Then we use the K-means clustering algorithm to select
representative loop candidates.
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For each loop representative, the loop side chains are then added and optimized. The
sampling of single side chain conformations was accomplished by using a highly detailed
(10° resolution) rotamer library constructed by Xiang & Honig from a database of 297
proteins.3! This library contains, for example, 2086 rotamers for lysine. The additional
computational expense of such a detailed library was tolerated in order to ensure adequate
sampling. In addition, the expense was mitigated by pre-screening the rotamers using only
hard sphere overlap as a criterion, allowing many rotamers to be excluded before performing
any energy evaluations. All loop side chains are initially built on to the fixed backbone in a
random rotamer state (each side chain is randomly picked from its pre-screened clash-free
rotamer sets), and then each side chain in the loop is optimized one at a time, holding the
others fixed. Here the optimization means choosing the side chain rotamer with lowest
energy. The procedure is iterated to convergence, that is, the optimization stops until no side
chain(s) changing rotamer states compared to the previous iteration. The very details can be
found in our previous paper.’

After convergence is achieved, each representative loop is completely energy minimized in
Cartesian coordinates to (relax the backbone and side chains). Finally, side chain
optimization described above is applied again (this time with a different backbone structure).
Energy is calculated for the final structure of each representative loop. The loop with the
lowest energy is chose as the predicted structure.

There are two aspects that contribute to the success of the sampling algorithm in our
previous methodology. The first refers to the way that a single loop prediction builds up
many candidates, screens and clusters them, and picks out the representatives for scoring
and ranking; the second refers to a full loop prediction that utilizes a variety of ways to
sample the low-energy region of conformational space via many PLOP calls in which the
options for each execution vary. The second aspect plays a greater role as loops get longer.

An all-atom force field energy with implicit solvent is calculated for each sampled loop, and
the loops are then ranked by energy. The energy is calculated using the Optimized Potential
for Liquid Simulations (OPLS) all-atom force field18-20, the Surface Generalized Born
(SGB) model of polar solvation?!, an estimator for the nonpolar component of the solvation
free energy developed by Gallicchio et al.?2, and a number of correction terms as detailed in
Ghosh et al.21 and in Jacobson et al.20 In addition, Zhu et al.12 have also incorporated an
additional hydrophobic term adapted from the ChemScore22 scoring function, which has
been successfully used to describe the hydrophobic contribution to the binding free energy
between ligands and protein receptors. The hydrophobic term appears to approximately fix a
major flaw in SGB solvation model described above.

Crystal packing is included. The simulation system consists of one asymmetric unit and all
atoms from other surrounding symmetric units that are within 30 A. Every copy of the
asymmetric unit is identical at every stage of the calculation.

Dipeptide Sampling Method

In this work, we develop a dipeptide segment based sampling algorithm, while the previous
single residue based sampling algorithm is still kept as an important supplement. The single
residue based dihedral angle sampling (referred to as single residue sampling) algorithm has
achieved great success for a wide range of loops no longer than 10 residues in PLOP.
However, as loops get longer, the power of the single residue sampling method decreases
gradually: The number of generated loop conformations increases explosively and a lot of
redundancies are generated.®12 This is easy to understand, because the relation between
dihedrals and backbone coordinates is nonlinear, a number of combinations of backbone
dihedrals can lead to a very similar loop conformation. For example, essentially any
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backbone dihedral can be rotated by a large amount and the rest of the loop can stay very
similar if there are a series of small compensating changes in the remaining dihedrals. This
problem becomes worse as loops get longer. As a result, the following two scenarios have
been frequently seen, when predicting loops long than 13 residues. First, in the buildup stage
of a super long loop, the generated loop candidates can easily break through the minimum
limit, which is 512. For loops longer than nine residues, it could happen even when the
effective sampling resolution is rather coarse. Effective sampling resolution is a threshold to
select distinguishable backbone rotamers. PLOP starts with a high value (300°) of effective
sampling resolution and decreases gradually until the generated loops exceed the minimum
number of conformations required by the program. A lot of cases show that the minimum
can be easily broken through when the effective sampling resolution stays as high as 60° to
80°, which means only a few backbone rotamers are selected for each residue. Thus the
overall quality and variety of generated loops are very limited. Second, frequently there is a
sudden explosion of loop candidates when the effective resolution is decreased by a step (1-
10), sometimes the maximum limit (106) could be reached. Then PLOP gets stuck there,
takes forever to finish the closure and screening of loops, and often crashes the node. These
situations happen to thirteen-residue loops sometimes, but even more frequently for loops
that are longer.

A sampling algorithm that could bring down the huge number of generated loop candidates
in the buildup stages as well as increase the realized effective sampling resolution is needed
and has recently been developed in our group. The algorithm is mainly based on dipeptide
segment sampling (referred as dipeptide sampling), assisted by single residue sampling
when necessary. Dipeptide sampling is similar to single residue sampling, but differs in the
step size in torsion angle phase space. The step size of single residue sampling is (¢, v), and
the step size of dipeptide sampling is (91, y1, o, ¢2, y2). The first step is to build the
dipeptide libraries. To build the libraries, we have used a large (3799 structures), diverse
(percentage identity <30%) database of high resolution (<2 A) protein crystal structures and
recorded every backbone dihedral angle in loop regions. The dihedral angles were recorded
in the format of sets, with each set having five consecutive dihedral angles (¢1, v1, ®, ¢2,
y2). That is, each set is corresponding to a dipeptide segment, and the set is labeled by the
name of the dipeptide it corresponds to. We only deal with the first twenty genetically
encoded amino acids (not include Selenocysteine and Pyrrolysine) in our program, so totally
there are 400 (20 by 20) different dipeptides, such as Ala-Lys, Pro-Gly and Thr-Phe, etc.
Then all sets were attributed to one of the 400 groups, according to their labels. The angles
in each group were then binned every 5°, and all (91, y1, ®, 92, y2) combinations appeared
in the group were included in the backbone library. The resultant 400 libraries, at 5°
resolution, have 84711 sets of (¢1, y1, ®, 92, y2) combination. That is, we have added
84711 backbone rotamers to our previous libraries which only have 747 rotamers for Gly,
215 rotamers for Pro, and 866 rotamers for all other residues. The number of dipeptide
rotamers in each library is given in Table I.

In the single residue libraries, the backbone library shared by 18 residues (except Gly and
Pro) has 866 rotamers, while the average number of rotamers of the dipeptide libraries in
Table I is 211. Actually, only three dipeptide libraries (Gly-Gly, Gly-Asp and Asp-Gly)
have more than 866 rotamers. The reason for less rotamers in most of the dipeptide libraries
is pretty obvious. A large number of conformations for any two consecutive residues
generated by the single residue sampling method have steric clashes between the two
residues (including their side chains), and such sterically infeasible conformations have been
excluded naturally when building the dipeptide libraries. In single residue sampling method,
the correlation between side chains of two consecutive residues are not considered,
remembering that 18 different residues share one backbone library, though obviously
tryptophan only needs a much smaller library than alanine; furthermore, during the buildup
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stage, the steric clash screening on side chain is accomplished through a rather coarse
approach, by testing all conformations in a 30° side chain rotamer library, until one is found
that is free of steric clash, with other side chains of the loop not included in these screens.
The dipeptide libraries carry more information than our single residue libraries. Using the
dipeptide libraries makes the sampling more efficient: it greatly brings down the huge
number of the generated loop candidates in buildup stages; at the same time, the realized
effective sampling resolution has also been improved a lot.

The 5° resolution keeps unchanged in the dipeptide libraries, in order to make sure the
discretization error does not fundamentally limit the achievable accuracy. The high
resolution offers a solid foundation for the accuracy of this method.

Effective sampling resolution still plays an important role in the new sampling algorithms.
There is a slightly change in the effective sampling resolution by the implementation of
dipeptide sampling. The old relation obeyed by filtered states is: Ap? + Ay? > Rgff2, while
the new relation is: (Ap1)2 + (Ay1)2 + (Aw)? + (A@2)? + (Ay2)? > Ref2. With the same
effective sampling resolution Regf, the constraints on @1, w1, ®, 2 and w2 are tighter than
that on ¢ and .

Our buildup procedure continues independently from both sides of the loop up to the Ca
atom on the closure residue, the length (in residues) of a half loop can be even or odd, but
the step size of dipeptide sampling is fixed at two residues. If a half loop has odd length,
then the residue at the end of the half loop, that is, the residue next to the closure residue will
be left aside. There are several ways to solve this problem. In this work, when constructing a
half loop with odd length, we choose to use the single residue sampling method to add the
last residue.

The following three stages in a single loop prediction, that is, closure, clustering and
scoring, are similar to that in our previous work®12. The only difference is the method of
adaptively increasing the number of clusters in K-means clustering algorithm?24:25, For K-
means algorithm, the number of clusters must be prespecified. We empirically use four
times the number of loops residues as the default value of number of clusters. Sometimes,
after the initial clustering, there are some clusters that have a much larger spread (as judged
by intra-cluster RMSD) than others. At this time, a simple method to adaptively increase the
number of clusters is used. Clusters with a large spread are split into three new clusters and
the clustering algorithm is run again with the new clusters added. This procedure can be
applied iteratively until the maximum number of cluster (sets to be four times the number of
loop residues plus 30) is reached.

Loop length verses frequency of loops with the length appeared in native proteins is shown
in Figure 2. Statistics are calculated from ~4000 low sequence identity (<30%), high quality
(<2 A) proteins structures. Secondary structure assignment is done by DSSP approach, while
loops are defined as the regions outside helices and strands. The relative rareness of loops
longer than 13 residues puts a cap on the size of our test set. To using inadequately small
data sets, we try to collect as many loops as we can, with the selection criteria described
below. Finally, a test set with 89 target loops has been constructed, in which we have 36
fourteen, 30 fifteen, 14 sixteen and 9 seventeen-residue loops.

Selection Criteria

The selection criteria of our test set are similar to that we used before.b: 12 The PISCES web
server (http://dunbrack.fccc.edu/PISCES.php) from Dunbrack’s lab is used to generate the
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protein list, from which loops targets are collected. The following criteria are used to ensure
the selection of high-quality protein structures.

1. Low sequence identity. The percentage identity between any two proteins has to be
< 30%.

2. High resolution. The resolution of a structure has to be < 2.0 A.
3. Crystal structure. Only structures obtained from X-ray crystallography are selected.

4. With both backbone and side chain information. Structures with only Ca
coordinates are excluded.

5. Low R-factor. The R-factor cutoff is set to 0.25.
6. Decent pH values. Only structures obtained under pH 6~8 are selected..

Target loops are then chosen from the proteins selected out by the above criteria. More
rigorous criteria than that in our previous work have been applied to the target loop
selection, which greatly increases the reliability of our data set.®12 The major difference is
that we introduce the real space R-factor criterion in this work, which is a is a more
sophisticated description of structure quality than B-factor. Below we list the criteria we
used to select target loops:

1. The average temperature factor (B-factor) of atoms within the loop has to be <
35.00.

2. The real space R-factor (RSR) of any residues in a selected target loop must not be
greater than 0.200.

3. Any residue of a selected target loop must not have alternative structures.
4. The minimum overlap factor for any loop-atom has to be >0.70.

5. The minimum distance between any loop atom and any atom from a neutral ligand
or organic ion in the environment has to be > 4.0 A. For a metal ion ligand, this
cutoff is 6.5 A.

6. A selected loop must not contain any chain breaks, and the protein body must not
contain any chain breaks that are close to (in 5 residues) any end of the loop.

7. A selected loop must not contain any secondary structure content longer than 3
residues.

8. The presence of no less than four strand or helix residues on either end of selected
loop.

The employment of temperature factor, overlap factor, and real space R-factor cutoffs aims
at better quality of the structure in the loop region. It is for the same goal to filter away the
structures with chain break and alternative structures. The distance cutoff for ligands and
ions mitigates concerns as to whether the potential function is accurate for ligands and ions
that potentially interact with the loop. The goal of all criteria enumerated above is to focus
on evaluating the ability of the sampling algorithm and energy model to yield accurate loop
predictions, without considering additional issues.

RMSD Calculation

The accuracy of loop prediction is evaluated by comparing it with the native conformation
of the loop. A large variety of reasonable criteria for comparing loop conformations exist.
The RMSD can be calculated from the superposition of the whole structures excluding the
loop (“global” superimposition) or from the superimposition of the compared loop atoms
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only (“local” superimposition). In this work, our results are reported as “global” backbone
RMSDs, obtained by superimposing the body of the protein (excluding the loop) and
calculating the RMSD of the loop, using N, Ca, and C atoms in loop backbone.

Protonation States of Titratable Residues

All titratable residues are placed in their standard protonation states at pH 7.0. Instead of
sampling the protonation states or varying them under specified pH conditions, this is a good
approximation as shown by our results. However, the prediction accuracy for a small
number of cases might be affected due to such an approximation. Possible solutions have
been discussed in other works?5.

RESULTS AND DISCUSSION

Overall Performance

Table 11 gives the summarized results obtained by our new sampling algorithm. The
methodology obtains uniformly good results for 14- to 17-residue loop data sets, with
overall average/median RMSD 1.46/0.68 A. The median RMSD for each subset ranges from
0.67 to 1.92 A. For 36 fourteen-residue loops, only 3 cases (8.1%) have RMSD larger than
2.0 A. Fifteen-, sixteen- and seven-residue loop data sets have 22 out of 30 (73.3%), 11 out
of 14 (78.6%) and 6 out of 9 (66.7%) cases with RMSD below 2.0 A. A summary of the
results is shown in Table I11. Figure 3 compares the prediction loop and the native one in the
context of the full-length protein in four selected cases.

Our results clearly represent a major advance as compared to our own previous loop
prediction work, producing significantly lower median and mean RMSDs for 14 residue
loops than we reported in ref. [30] for 13 residue loops30. Direct comparison with the work
of other groups in this area, even those carrying out ab initio prediction as opposed to using
knowledge based methods, is difficult for a number of reasons. Two of the most significant
are as follows: (1) we are including crystal packing effects explicitly, whereas most other
studies do not include these effects (2) we are employing specific data sets with highly
restrictive criteria applied to filter the test cases; other methods might well perform better on
this test set than on the test sets that were actually employed by them in prior evaluations.
As our objective in this paper is to test the sampling algorithm and energy model as
carefully as possible against experiment, we believe that the use of crystal packing and
elimination of loops with problematic resolution leads to the fairest comparison of this type.
We have also run a small subset of cases, for which we determined that crystal packing
effects on the target loop are unimportant, without crystal symmetry; these results are shown
below. Explicit comparison between programs will require running these programs under
identical conditions on the identical test set, and is reserved for future publications.

Dipeptide Sampling

Considering the high accuracy of our loop prediction results, it is the dipeptide sampling
method that contributes the most significantly to the improvement. The chief problem of the
high resolution dihedral angle sampling method is that the number of generated
conformations scales exponentially with loop length, so does the computational expense of
the sampling step. For years, a lot of efforts have been made to alleviate this problem in our
group, and such effort include as effective sampling resolution and hierarchical loop
prediction algorithm with fixed stages previously developed. All these techniques mitigate
this problem to some extent. However, our loop prediction algorithm with all these
techniques still fails frequently when applied to loops longer than 13 residues.
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By switching to dipeptide sampling from single residue based sampling, our full loop
prediction algorithm shows its powerful search ability for super long loops. It generally
eliminates significant sampling errors (defined as big outliers (RMSD > 4.0 A) with higher
energy than native structure) in our results. For our 89 cases, there are eight cases (2BWR
and 2COH in 14-residue subset, 1ZHX, 2EAB and 3BF7 in 15-residue subset, 1DJO in 16-
residue subset, 3H2G and 3HUH in 17-residue subset) showing significant sampling errors,
according to an analysis of energy gaps. Further examinations are needed to exclude other
factors (such as underestimated pi-pi interactions, and protonation states misassignment) that
might cause the sampling errors.

The correlation between the two adjacent residues in dipeptide is considered in the dipeptide
libraries, so some structure information not shown in the single residue libraries is now
embedded in the dipeptide libraries. As a result, when searching through the information
rich dipeptide libraries to build up loops, a lot of redundancies generated by single residue
sampling should be removed. This is exactly what happened in our results: the huge number
of generated loop candidates is greatly reduced and finer effective sampling resolution is
achieved.

Figure 4 and Figure 5 compare the dipeptide sampling method with the single residue
sampling method in two aspects: realized effective sampling resolution and number of
generated loop candidates. 13-residue loops were selected as a test set for direct comparison
using the criteria described above. The summary of the results is shown in Table IV.

Effective sampling resolution is the threshold to select distinguishable rotamers, it is directly
related to the quality and variety of generated loop candidates. Finer realized effective
sampling resolution often implies better results. Figure 4 shows the average realized
effective sampling resolutions in each sampling stage for the 13-residue loop set, using
single residue and dipeptide sampling, respectively. In each sampling stage, when using the
dipeptide sampling method, the average realized effective sampling resolution is improved
by 25° to 45°, compared to that when using single residue sampling. One should keep in
mind that longer loops are much more difficult to predict, and usually have coarser realized
effective sampling resolution. So it is not difficult to imagine that the discrepancies in Figure
4 would be even larger if the two sampling methods were applied to loops longer than 13
residues. We chose 13-residue loops to do the comparison, simply because single residue
sampling method has terrible performance on loops longer than that length: either the
required CPU time is extremely high, or the job could crash in the middle, due to the huge
number of generated conformations.

Meanwhile, Figure 5 shows that, in each sampling stage, the average number of generated
loops for the 13-residue loop set, using single residue and dipeptide sampling, respectively.
In each sampling stage, when using dipeptide sampling method, the average number of
generated loops is only about 8-17% of that when using single residue sampling method.
Again, if the comparison in Figure 4 were made on longer loops, the improvement should be
even bigger, since the average number of generated loops increases much faster with loop
length when using single residue sampling method. With a much smaller number of
generated loops, computational cost can be dramatically reduced by using dipeptide
sampling method.

With significantly improved realized effective sampling resolution, better prediction results
have been achieved. In each sampling stage, the sampling algorithm generates many loop
candidates and ranks them according to the energy function. Several lowest energy models
are passed to the next stage, in which the lowest energy model is called the predicted
conformation of this stage. Figure 6 illustrate the average RMSD (to native) of the best-
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predicted conformations in each sampling stage, for loops with 14, 15, 16 and 17 residues,
respectively. For RMSDs of the predicted conformations in each sampling stage, there is a
clear decreasing tendency, which tells that our hierarchical scheme still works very well in
the super long loop regime. However, occasionally, the first refinement stage even gets
worse results than the previous stage (eg. first refinement stage in 17-residue loop set). The
first refinement stage puts a 4 A Cartesian constraint on each Ca atom in the target loop,
aiming at to sample more finely in the promising region identified in the initial stage.
However, for super long loops, lowest energy conformations generated in the initial stages
have rather large RMSDs (as shown in Figure 6). A lowest energy conformation with a large
RMSD most probably stays at or close to the bottom of a basin that corresponds to a local
energy minimum, which is far from the deepest energy basin where the native stays. The
extraordinarily rugged energy surface of super long loops, the limited ability of the energy
function, combined with the constraint on Ca atoms, result in less accuracy of the predicted
structures in the first refinement stage in some loops.

About 10% of the 90 cases in our test set have either energy error or sampling error, as
shown Table I11. After carefully examining the outliers, we found that pi-pi stacking
interactions are missing in several predicted loops while exist in their native conformations.
Pi-pi stacking is generally thought of as being of significance when two aromatic rings
interact in a planar geometry, but in fact, we see a wider variety of analogous interactions
when a careful analysis of protein structures is performed, including for example
interactions between a phenyl ring and the plane of the guanidium group in arginine. As a
concrete illustration, consider the 14 residue loop in the protein 2BWR (B:158-B:171, as
shown in Figure 7), the pi-pi interaction between Tyr162 and Argl67 exists in the native
loop (in cyan) are missing in the predicted structure (in magenta). It should be noted that the
traditional understanding of the enhanced energetics attributable to “pi-pi” interactions,
which is related to high level quantum mechanical electron correlation effects, may not be
the most important factor in explaining our observations and results. Empirically, what we
have found is that flat functional groups in proteins which contain double bonds (of which
benzene rings and the guanidinium side chain are examples) have a high propensity to pack
together in a stacking geometry, and that our older energy model (OPLS-AA plus the SGB
continuum solvation model) was unable to reproduce the frequency with which such
structures occur. By adding a term to the energy which rewards the stacking of these
chemical groups, we may in fact be correcting problems with the continuum solvation model
(which may not properly capture the high efficiency with which stacked geometries exclude
water from regions which cannot make hydrogen bonds effectively to water molecules).

Recently, a new energy function has been developed in our lab2%, in which a number of
important changes, including an explicit pi-pi stacking interaction, have been incorporated.
We have carried out a new set of calculations on the problematic loops in our test set, using
identical sampling protocol, but replacing our old energy model with the new model. The
details of this scoring function will be described in detail in reference 29; here, we examine
its performance for our long loop data set. Importantly, no parameters have been adjusted to
improve this performance (the parametrization was carried out using a completely
independent set of individual side chain rotamer data) so the results shown here can be
considered a fair test as to whether the predictive power of the new model in high resolution
structural refinement is superior to the model we employed previously.

Many of the outliers are substantially improved in RMSD when the new energy model is
used, as shown in Table V. The new energy model eliminates most energy errors (only three
cases, 1JP4, 3BB7 and 3CSS, now exhibits RMSD greater than 2 A when the energy gaps
are negative), and even improves some of the sampling errors (presumably by stabilizing
intermediate structures that appear in the various stages of the loop prediction process). This
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dramatic reduction in energy errors without any explicit parameter adjustment is a clear
demonstration of the superiority of the new energy model. Further work on the sampling
algorithm is clearly indicated, as a number of significant sampling errors remain, and we
plan to pursue this in future development efforts.

Different the sampling from many fragment assembly methods (e.g. the 3-residue and 9-
residue fragments in Rosetta), our method is unique based on these aspects below. First of
all, our dipeptide rotamer library was built on a large variety of high resolution protein
crystallographic structures, which not only ensures the reliability of the library but also
allows the application of our method for modeling of all different kinds of proteins, while
some fragment assembly methods build the fragments based on small proteins. Second, our
dipeptide rotamers only contain explicit information of backbone conformations while
fragments in other methods such as Rosetta contain side chain or reduced side chain
information.2” Furthermore, while fragments in many fragment assembly methods are
applied as a sliding window along the protein chain, we don’t use the dipeptide rotamers in
an overlapping fashion in a sampling at one stage. Overall, our method of dipeptide
sampling was built on a large reliable data set and could be applied for highly efficient and
accurate loop modeling.

Crystal Packing

The impact of crystal environment to polar groups on the surfaces of proteins has been
extensively discussed in previous works7-28. In this work, crystal packing was explicitly
included in our calculation in order to provide a fair comparison to the crystal structures.
Although the additional information of crystal environment could reduce the sampling space
to some extent, the calculation of loop prediction should be carried out under the same
condition as the crystallographic experiment, for the purpose to test our methodology. In
order to further understand the effect of crystal packing in our loop predictions, five 14-
residue loop cases with little or some crystal contacts were tested with the same method we
describe above except that crystal neighbors is removed. As shown in Table VI, the results
obtained without crystal packing applied are highly consistent with those with crystal
packing: the difference in predicted RMSDs ranges from 0.07 to 0.88 A. This is a powerful
evidence to show the effectiveness of our methodology regardless of crystal packing.

Computational Costs

When using dipeptide sampling method, the average number of generated loops in each
sampling stage is less than 17% of that when using single residue sampling method (Shown
in Figure 5). With many fewer generated loop candidates, the computational cost of the new
sampling method is less expensive. Table VII compares the various statistics of
computational time for loop sets with 11-13 residues in our previous work12, and for loop
sets with 14-17 residues in this work. All calculations were conducted on the same cluster
of Intel or AMD processors in the range of 1.4GHz or 900MHZ. The computational jobs
were randomly distributed into the processors of the cluster. Despite this, there is some
difference in the performance of the various processors, but this does not affect the
qualitative analysis of our methodology. The average CPU times for 14-, 15-, 16-, and 17-
residue loops are about 9, 13, 12 and 17 days, respectively. Unsurprisingly, the dipeptide
sampling method is significantly faster than the single residue sampling method. For
example, the statistical computational times of 17-residue loops, when using the dipeptide
sampling method, are less than that of 12-residue loops with the single residue sampling
method. Previously, when effective sampling resolution decreases, sometimes PLOP gets
stuck by millions of generated conformations. The maximum time cost of the 13-residue
data set (shown in Table VII) shows how long it will take when such scenario happens:
nearly four months was used, about four times of the average. The new sampling method

Proteins. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhao et al.

Page 13

eliminates this problem. The most time-consuming case took one and a half months, only
27% more than the average.

The jobs using single residue sampling algorithm in Table V were run under a time-saving
mode. When turning the time-saving mode on, RMSDs of the generated loop conformations
in the buildup stages are not calculated. When large numbers of conformations are
generated, the RMSD calculation can be very time-consuming. For example, turning the
time-saving mode on usually can save about 20% of total computational time for 13-residue
long loops, when single residue sampling is used. In this work, the jobs were run with the
time-saving mode off. If we turn it on, another 5-10% time could be saved, considering the
averages of generated loop candidates in the buildup stages are close to half of that of the
single residue sampling method.

Most of the calculations are highly parallel (5 parallel jobs in the initial stage, 15-30 jobs in
the first refinement stage, (5-10 times (n+1)) jobs in the n-th fixed stage, 5 jobs in the
second refinement stage). In all, there are about 150-200 jobs in a full loop prediction. We
have a cluster with hundreds of processors, in average about 10 or more jobs can be run at
the same time. As a result, most of our jobs can be finished in one to three days. Another 5-
10% time can be saved if turning the time-saving mode on. In the future, we will continue to
seek a variety of methods to speed up our algorithm and make it more efficient.

Finally, one can ask the question as to how the RMSD in the calculations is reduced as a
function of the computation time that is utilized. The methods in PLOP are intended as high
resolution methods (many much faster algorithms exist, and should be used if feasible, for
example in cases with very high sequence identity in an available homologue and in the
target loop in that homology), and we therefore have not explored performance if very low
levels of CPU time are employed. Figure 8 below presents average CPU times and RMSDs
for 15 residue loops as a function of the stage of the algorithm that has been reached
(described in the text). It can be seen that there is a straightforward correlation between the
expended CPU time and the quality of the result. Achieving high accuracy results requires
relatively large amounts of CPU time as noted above. If low resolution predictions are
desired, other methods are likely more cost effective.

Conclusion

We have developed an improved sampling algorithm, which is a modification of our
algorithm described in Reference 12. By using dipeptide sampling instead of single residue
sampling, very good results for loops up to 17 residues have been achieved. When single
residue sampling method is used, there are a lot of redundancies in the generated loop
candidates, especially for long loops. A number of combinations of backbone dihedrals can
lead to very similar loop conformations, due to the nonlinear relation between dihedrals and
the backbone coordinates. The dipeptide libraries contain more information of two adjacent
residues, thus the redundancies generated by the single residue sampling method due to
ignoring the correlation between the two adjacent residues are removed. As a result, using
dipeptide sampling method can generate better results in a much more efficient way.

There is no impediment to using polypeptide (such as tripeptide, tetrapeptide and
pentapeptide etc.) libraries in addition to the buildup algorithm we are using now. With
libraries of longer polypeptide segments implemented, our algorithm will have a capability
to deal with more challenging sampling problems that appear in homology modeling.
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Program Availability

The PLOP program can be downloaded at no cost by academic users from the Web site of
Prof. Matthew Jacobson, our long time collaborator in this project. It can also be purchased
from Schrodinger, Inc. as a component of the Prime program, which contains additionally a
graphical user interface and other features added by Schrodinger. Incorporation of the latest
algorithms into the released version takes some time but there is a systematic process in
place for doing this and we expect that at some point, a version will be available for general
use containing the capabilities described in this manuscript.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Average and median loop prediction accuracy of the new sampling algorithm, summarized by loop length.

The accuracy is measured by global backbone (N-Ca-C) RMSDs in A

Loop length | Number of cases | Mean | Median | Standard Deviation
14 36 1.19 0.67 1.57
15 30 1.55 0.75 1.82
16 14 1.43 0.80 1.76
17 9 2.30 1.92 2.63
All 89 1.46 0.68 1.81
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