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ABSTRACT

Three-dimensional protein structures provide invalu-

able information for understanding and regulating

biological functions of proteins. The GalaxyWEB

server predicts protein structure from sequence by

template-based modeling and refines loop or

terminus regions by ab initio modeling. This web

server is based on the method tested in CASP9

(9th Critical Assessment of techniques for protein

Structure Prediction) as ‘Seok-server’, which was

assessed to be among top performing template-

based modeling servers. The method generates

reliable core structures from multiple templates and

re-builds unreliable loops or termini by using an

optimization-based refinement method. In addition

to structure prediction, a user can also submit a re-

finement only job by providing a starting model struc-

ture and locations of loops or termini to refine. The

web server can be freely accessed at http://galaxy

.seoklab.org/.

INTRODUCTION

Three-dimensional protein structures provide essential in-
formation for atomic-level understanding of molecular
functions designed by the nature and also for human
design of new ligands regulating the protein functions.
Computational methods for protein structure prediction
have become complementary to experimental methods
when close homologs of known experimental structures
are available. With the ever-increasing sizes of both
sequence and structure databases, the role of the structure
prediction methods based on known structures of homo-
logs (called template-based modeling, homology modeling
or comparative modeling) is also increasing (1,2).
Traditionally, large emphasis has been placed on

homolog detection and sequence alignment as essential
elements of template-based modeling. More recently,
obtaining model structures beyond the best available

templates or improving models starting from the best
available model structures have been discussed to be ne-
cessary for further advancement in the field (3–5).
However, such improvement has proven to be very diffi-
cult, e.g. as demonstrated in the refinement category of
recent CASP experiments. In the most recent CASP
(CASP9), only three groups including us could achieve
improvement in backbone structure quality, and the best
improvement was only 0.37% (our own result) (5).

In this article, we introduce a new web server that
provides two functions: protein structure prediction
from sequence and refinement from user-provided
model. The method is based on the ‘Seok-server’ tested
in CASP9 and evaluated to be among top six servers (6).
A lighter version of the original method with comparable
performance is employed to provide more efficient service.
In detail, lighter sampling is carried out both in the
model-building and the refinement steps to reduce compu-
tation time. The template-based modeling method exten-
sively uses multiple template information to construct
reliable core regions and then refines up to three loops
or termini detected to be unreliable. Two existing
methods, HHsearch (7) and PROMALS3D (8), are used
for template selection and sequence alignment, respect-
ively. They are applied in such a way that reliable core
structures are built by selecting templates of similar core
structures and aligning core sequences. The remaining less
conserved, unreliable regions are treated in the subsequent
refinement stage. Better prediction of less conserved
regions by an ab initio refinement method like the one
introduced here would be invaluable for further functional
or design studies because they often contribute to the
specific functions of related proteins (9–11).

GALAXYWEB METHOD

A flowchart of the GalaxyWEB structure prediction
(GalaxyTBM) and refinement (GalaxyREFINE) proced-
ure is shown in Figure 1. First, candidates for templates
are selected by rescoring HHsearch (7) results placing
more weights on the secondary structure score for more
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difficult targets. The re-ranking score is a weighted sum of
the Z-score of the HHsearch sequence score, Zseq, and
that of the HHsearch secondary structure score, Zss,

S ¼ Zseq+wZss,

where the weight w depends on the target difficulty
estimated by the probability for the HHsearch top
ranker, P, as

w ¼

1:0 ðP � 90Þ

1:5 ð80 � P < 90Þ

2:0 ð60 � P < 80Þ

2:6 ðP < 60Þ:

8

>

>

<

>

>

:

Among the re-ranked top 20 homologs, multiple tem-
plates are selected by removing structural outliers based
on mutual TM scores (12) for the aligned core regions.
Average number of selected templates is 4.55 for the 68
single-domain CASP9 targets used as a test set. Multiple
sequence alignment using PROMALS3D (8) is then per-
formed for core regions deleting unaligned termini.
Terminus sequence alignments are attached afterwards.
Initial model structures are then built from the templates
and the sequence alignment by a CSA (conformational
space annealing) global optimization (13) of the restraints
derived from templates by an in-house method (L. Heo,
H. Park and C. Seok, unpublished data). The restraints
are sum of approximately single-well potentials, similar to
that developed by Thompson et al. (14). The range of re-
straint application between C

a
pairs (up to 15 Å) is wider

than Thompson et al. and similar to that in MODELLER
(15). (In CASP9, more complex MODELLER restraints
requiring more extensive sampling were used.) Unreliable
local regions (ULRs) are then detected (16) from the initial
model and a maximum of three ULRs are reconstructed
‘simultaneously’ by a CSA optimization of hybrid energy
that consists of physics-based terms and knowledge-based
terms (16,17). (In CASP9, ‘all’ ULRs were re-modeled
individually, requiring more computation time than
running a single optimization job.) During CSA optimiza-
tion, the triaxial loop closure algorithm (18) is extensively
used to generate geometrically proper backbone structures
for loops (19). More details on the method and the effects

of the strategy taken at each stage on the overall perform-
ance will be presented in a separate article (submitted).
The modifications from the original Seok-server was
made to provide the web service more efficiently, as the
original method requires 2–3 times more computation
power.

Performance of the method

Since the current web server employs a method lighter
than the original Seok-server method tested in CASP9
both in the initial model building and refinement stages,
the performance of the method was tested again on the 68
single-domain targets of CASP9. The backbone structure
quality measured by average GDT-TS (20,21) is 68.5 by
Seok-server and 67.6 by GalaxyWEB. The decreased per-
formance of GalaxyWEB compared to the original
Seok-server comes from the lighter optimization during
model building and refinement. However, the result is
still comparable to those of the top six server methods
in CASP9. Initial model structures are improved in 65%
of the cases in which refinement was performed when the
local structure quality is measured by RMSD. The per-
formance of the refinement method is more fully discussed
in another article (17).

GALAXYWEB SERVER

Hardware and software

The GalaxyWEB server runs on a cluster of four Linux
servers of 2.33GHz Intel Xeon processors that consist of
eight cores. The web application uses Python and the
MySQL database. The structure prediction and refine-
ment pipeline is implemented using Python by combining
the two programs developed by other groups, HHsearch
(7) and PROMALS3D (8), and our own program package
for molecular modeling named GALAXY (16,17,19),
which is written in Fortran 90. The JMol (http://www
.jmol.org) is used for visualization of predicted structures.

Input and output

For structure prediction, a protein sequence must be
provided in the FASTA format. For refinement only
run, a user is required to provide a model structure to

Figure 1. Flowchart of the GalaxyWEB protein structure prediction pipeline which consists of protein structure prediction by GalaxyTBM and
refinement by GalaxyREFINE.
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refine in the PDB format and to specify the residue
number range for each region to refine. Expected run
time for a structure prediction job is 7 h for a
500-residue protein and that for a refinement job is 2 h
for a 26-residue loop or terminus. Five best models can
be viewed and downloaded on the website, as shown in
Figure 2. Full sets of models generated by the server can
also be downloaded as a tar file.

CONCLUSIONS

GalaxyWEB is a web server for protein structure
prediction and refinement. A distinct feature of the
server from other protein structure servers is that unreli-
able regions for which template information is not
available or inconsistent are detected and refined by an
ab initio method. Model structures obtained by other
methods may also be refined by specifying the regions
to refine. The ab initio loop and terminus modeling
method is one of few refinement methods that can
actually improve on the starting models, as demonstrated
in CASP9.
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