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Almost all proteins express their biological functions through the structural conformation of their specific
amino acid sequences. Therefore, acquiring the three-dimensional structures of proteins is very important to elu-
cidate the role of a particular protein. We had built protein structure model databases, which is called RIKEN
FAMSBASE (http://famshelp.gsc.riken.jp/famsbase/). The RIKEN FAMSBASE is a genome-wide protein struc-
ture model database that contains a large number of protein models from many organisms. The HUMAN FAMS-
BASE that is one part of the RIKEN FAMSBASE contains many protein models for human genes, which are
significant in the pharmaceutical and medicinal fields. We have now implemented an update of the human pro-
tein modeling database consisting of 242918 constructed models against the number of 20743 human protein
sequences with an improved modeling method called Full Automatic protein Modeling System Developed
(FAMSD). The results of our benchmark test of the FAMSD method indicated that it has an excellent capability
to pack amino acid side-chains with correct torsion angles in addition to the main-chain, while avoiding the for-
mation of atom-atom collisions that are not found in experimental structures. This new protein structure model
database for human genes, which is named HUMAN FAMSD-BASE, is open to the public as a component part
of the RIKEN FAMSBASE at http://mammalia.gsc.riken.jp/human_famsd/. A significant improvement of the
HUMAN FAMSD-BASE in comparison with the preceding HUMAN FAMSBASE was verified in the benchmark
test of this paper. The HUMAN FAMSD-BASE will have an important impact on the progress of biological

science.
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Genome sequencing projects have generated an enormous
amount of deduced amino acid sequence information.” Al-
most all proteins express their biological functions through
the structural conformation of their specific amino acid se-
quences. Thus, acquiring the three-dimensional (3D) struc-
ture of a protein is very important to elucidate its role. Re-
cently, structural genomics projects,>” i.e. post-genome se-
quencing projects, have increased the number of protein
structures in the Protein Data Bank (PDB)** using experi-
mental determination methods. Nevertheless, the number of
structures lags behind the number of protein sequences in
NCBI NR (/blast/db/FASTA directory on NCBI FTP site).
Therefore, methods of accurate protein structure prediction
are urgently required. One of the most effective approaches
for protein structure prediction is the homology or compara-
tive modeling method. Computational protein structure pre-
diction methods, such as the homology modeling method,
can provide valuable information for sequences whose struc-
tures have not been determined experimentally.

From a computer aided protein modeling point of view, the
Critical Assessment of Techniques for Protein Structure Pre-
diction (CASP) experiment has been performed every two
years since 1994.7'2 As a result, there has been good
progress in structure prediction techniques. In the latest
CASP experiment, CASP8 (2008),'? we participated as an
automatic server predictor using our Full Automatic protein
Modeling System Developed (FAMSD) protein modeling
method.'® In the FAMSD method (see Methods), alignment
programs such as a series of BLAST'® programs, SP3,'%
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and SPARKS2'® programs, homology modeling program
FAMS,!” model quality estimation program CIRCLE,'® and
the molecular dynamics program APRICOT'? were com-
bined and used to construct reliable 3D protein models. In
CASPS, the FAMSD team predicted 3D models for all 128
target proteins that were released by the CASPS organizers.
After the prediction period expired, we performed an original
assessment of the FAMSD method in comparison with other
server teams that participated in CASPS8. The results of our
assessment indicated that the FAMSD method has an excel-
lent capability to pack amino acid side-chains with correct
torsion angles, in addition to the correct C o backbone, while
avoiding the formation of atom-atom collisions that are not
observed in native structures. Although the experimental
structure is always not a native structure, we use the term of
the native structure in place of the experimental structure in
this paper.

On the other hand, Structure Based Drug Design (SBDD)
has been developed to find bioactive compounds from a me-
dicinal point of view. In order to perform the SBDD re-
search, 3D structure of a target protein which is bound or
docked by the bioactive compound is required. In the phar-
maceutical and medical fields, again, it is important for us to
obtain the 3D structure of human target protein. From the ex-
periments such as the X-ray diffraction and nuclear magnetic
resonance (NMR) spectroscopy, the 3D structure is obtained,
and, however, there are many proteins, for which we are un-
able to analyze the 3D structure. In that case, the 3D model
constructed with the homology modeling method is useful.
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Then, if we have the modeling database of 3D structures for
human genes, we can always use the model without consum-
ing our time and computer resources. We had built a set of
protein structure model databases,”® > which is called
RIKEN FAMSBASE. It is open to the public at http://
famshelp.gsc.riken.jp/famsbase/. The RIKEN FAMSBASE is
a genome-wide protein structure model database that con-
tains a large number of protein models from many organ-
isms. The database is useful and valuable because structural
models are easily obtained through the website. As one part
of the RIKEN FAMSBASE, we had built HUMAN FAMS-
BASE, which contains many protein models for human
genes that are significant in the pharmaceutical and medici-
nal fields. The models in the HUMAN FAMSBASE were
constructed with POWER FUNCTION (PF) method men-
tioned later using the PDB version of September 2005, which
was open to the public four years ago. It is natural that to up-
date the PDB version in the homology modeling is very im-
portant as shown in ‘Results and Discussion.” Moreover, the
high accuracy of the model in the database is required, be-
cause the docking simulation of the bioactive compound with
low molecular weight does not proceed properly without the
side-chain geometry near to the native structure. Thus, we
applied an improved modeling method, the FAMSD method,
to human protein sequences using the PDB version of Au-
gust 2008. The protein models of 20743 human genes were
constructed with the FAMSD method and have been incorpo-
rated into a new relational database named HUMAN
FAMSD-BASE. This database is open to the public as a com-
ponent part of the RIKEN FAMSBASE at http://mammalia.
gsc.riken.jp/human_famsd/, coincident with the publication
of this paper.

The protein sequences of human genome in the HUMAN
FAMSD-BASE were obtained from the sequence collection
‘hsap2,” which contains 28954 protein sequences, in the
Genomes TO Protein structures and functions (GTOP) data-
base.’*?® The sequences in ‘hsap2’ are collected from the
National Center for Biotechnology Information (NCBI) data-
base. The NCBI website provides genomic information infra-
structure for medical researchers from around the world. The
FAMSD method was applied to each sequence in ‘hsap2’ to
construct reliable 3D structure models. However, when the
FAMSD method assigned the target protein as ‘very difficult’
or impossible for protein modeling, 3D models of the targets
were not included in HUMAN FAMSD-BASE, because these
models are not sufficiently accurate or reliable. Conse-
quently, for 20743 out of 28954 target proteins, one or more
relatively reliable 3D models were constructed based on the
22297 non-redundant PDB chain set of August 2008. Thus,
in this paper, 72% of proteins from the human genome were
modeled with the homology method.

Furthermore, we describe the results of two types of
benchmark tests ((1) and (2)) in relation to the HUMAN
FAMSD-BASE. In benchmark test (1), using the query se-
quences in the CASP8, the FAMSD method was compared
with the POWER FUNCTION (PF) method which was used
to construct 3D models in the preceding HUMAN FAMS-
BASE of the RIKEN FAMSBASE. The HUMAN FAMS-
BASE is based on the PDB database (September 2005) in re-
lation to the PDB version, which changes once in seven days.
It is natural that the newer PDB version with the increased
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amount of the PDB data increases the number of the models
constructed by FAMS because of the increased number of the
templates available for sequence alignment with the targets.
First, therefore, it is reasonable from a PDB version point of
view that we insist on the superiority of the HUMAN
FAMSD-BASE in comparison with the HUMAN FAMS-
BASE. As shown in ‘Results and Discussion,” second, it was
found that, from a modeling point of view, the FAMSD
method is significantly superior to the PF method in bench-
mark test (1). We then implemented benchmark test (2) using
target proteins whose structures have been determined by ex-
perimental methods in the human protein sequences of
‘hsap2.” The experimental structures of those target proteins
were hidden, and the constructed models were compared
with solutions in the assessment of the modeling accuracy.
Generally, biochemists and biologists can easily obtain the
sequence identity % from the sequence alignment between
target and template proteins used in the website of the
HUMAN FAMSD-BASE. For homology based models, then,
it is natural that they expect the assessment of the quality of a
constructed model on the basis of the sequence identity be-
tween the target protein and the homologous template pro-
tein. In this paper, we show the relationship between the se-
quence identity and the quality of the model in the HUMAN
FAMSD-BASE, based upon ‘benchmark test (2),” to approxi-
mately assess the accuracy of the constructed model.

Methods

The FAMSD Modeling Method The FAMSD modeling method was
applied to an amino acid sequence obtained from genes in ‘hsap2’ as fol-
lows: (1) many sequence alignments between a target protein and template
proteins were generated; (2) the number of the alignment candidates was re-
duced based on our scoring function, which estimates the reliability of align-
ments and is called POWER FUCNTION (PF, see below), and based on the
statistical scores about reliance for the sequence alignments obtained from
two types of profile-profile alignment programs; (3) 3D models were con-
structed based on above selected alignments using the FAMS program'”;
and (4) constructed 3D models were evaluated based on our 3D—1D scoring
function, which estimates the stability of a protein structure and is calculated
in the CIRCLE program.'® Thus, the FAMSD method was used for the
28954 query sequences in the ‘hsap2’ genome.

(1) Generating Sequence Alignments: To generate various sequence align-
ments between target and template proteins in the 22297 non-redundant
PDB set, six types of BLAST-related alignment programs (BLAST,'® PSI-
BLAST?*® PSF-BLAST,”” RPS-BLAST, IMPALA,*®® and Pfam>’-BLAST)
and two types of profile-profile alignment programs (SP3'® and SPARKS2'®)
were executed. The SPARKS2 and SP3 programs were shown to be excel-
lent in relation to the sequence alignment in the CASP6 experiment.’” As
explained in the next step, various alignments were filtered with our align-
ment score, the PF score, and with the statistical score about reliance for the
sequence alignment.

(2) Filtering Sequence Alignments: First, the alignment score value,
Score,;;, which is also called the POWER FUNCTION (PF) score including
the power numbers, was calculated using Eq. 1 for the six BLAST-related
alignment methods. This PF score plays an important role in reducing the
number of the alignments obtained from the step (1).

Score,;=k;X Len X SEQid™ X SS" (@)

Here, Len represents the number of residues of a region in the target pro-
tein or query sequence aligned to the amino acid sequence of a template pro-
tein. SEQid represents the percent of sequence identity between the target
and the template proteins. SS is the degree of match between the predicted
secondary structure elements (SSE) from the target sequence and the SSE of
the template protein. The predicted SSE from amino acid sequence was ob-
tained with PSI-PRED.>" The SSE of the template protein was assigned
using 3D coordinates of the experimental structure by STRIDE.*? The £,
value by which the significance weight is described in each of the six align-
ment methods is a coefficient for each alignment method. The £; value and
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the parameters (m, n) were optimized for each sequence identity level of 50,
40, 30, 20, and 10%. The details of this scoring function or the PF score will
be reported in another paper.

For the other two alignment methods, i.e. SP3'> and SPARKS2,'® the Z-
scores of their output were used to filter the alignments. In a set of alignment
score values, the Z-score is calculated in subtracting the average value of the
set from a certain value in the set and dividing the standard deviation. Such a
statistical Z-score is relatively reliable, especially when a target sequence
has a high sequence identity with a template protein. We decided the follow-
ing cut-off values to reduce the number of alignments, using the training set
of CASP7 targets.'” When the Z-score for an alignment was greater than or
equal to the maximum Z-scoreXX, we adopted the alignment. Here, the X
value is smaller than the value of 1, and the X depends on the modeling dif-
ficulty of the query sequence. The adopted alignments were used to con-
struct the 3D structures in the next step (3). In other words, the parameter X
is the cut-off value that was obtained by an optimization process in which
we used the training set of the CASP7 targets.'” The parameter X depending
on the modeling difficulty of the target was decided on as shown in Table 1.
In this paper, we used the Z-score and cut-off parameter X to select align-
ments for SP3 and SPARKS2 method. If we use the P-value of the alignment
score instead of the Z-score and parameter X with confirming that alignment
score distributes normally, the selection of the reliable alignments may be
more successful. To estimate the difficulty of a target in the selection process
of some alignments obtained from the SP3 and SPARKS2 programs, the
support vector machine (SVM)*® was used. Two values of score and se-
quence identity (%) of each top ranked alignment resulting from both PSI-
BLAST?® and SPARKS2'® were used as vectors for SVM classification.
Four classes of difficulty grade (‘CMeasy,” ‘CMhard,” ‘FR’ and ‘NF’) were
obtained from each alignment program. To identify the difficulty grade of a
target protein, the combination of two difficulty classes obtained from the
two alignment programs was adopted, as shown in Table 1. The PSI-BLAST
method is excellent for CMeasy and CMhard due to the base of sequence-
profile alignment, and the SPARKS?2 is excellent for CMhard and FR due to
the base of profile—profile alignment. Then, both methods were used to take
in the broad band in relation to the difficulty of the alignment.

(3) Constructing 3D Structure Models: We constructed 3D structure mod-
els using the homology modeling program FAMS'” based on each selected
alignment obtained in the steps (1) and (2). FAMS constructs the 3D model
of the target protein based on the sequence alignment between the query se-
quence and the amino acid sequence of the template protein, or between the
former and several template proteins. In the modeling process, FAMS moves
the main chain and the side-chain atoms of the target protein alternatively in
maintaining the conformational space between the model and the template
3D structure, and performs the conformational search iteratively as close as
possible to the native structure in the packing state of the main chain and the
side-chains. In the Critical Assessment of Fully Automated Structure Predic-
tion (CAFASP-2) (2000) experiment, which is one category of CASP4 ex-
periment, and CAFASP-3 (2002) experiment, which is one category of
CASPS5 experiment, FAMS was recognized as the good software for homol-
ogy modeling 3*3%

(4) Ranking Models According to Scoring Function for 3D Models: All
the constructed models from the steps (1) and (2) were evaluated using the
following scoring function (Eq. 2),

Table 1. Optimized Values of X and w

PSIB® SPK2” X9 w?
CMeasy CMeasy 0.99 0.3
CMhard CMeasy 0.9 0.3
CMeasy CMhard 0.83 0.5
CMhard CMhard 0.85 0.5
CMhard FR 0.85 0.5
NF CMhard 0.8 0.5
NF FR 0.8 1
CMhard NF 0.8 1
NF NF 0.8 1

a) Predicted difficulty using alignment score and sequence identity of PSI-BLAST.
b) Predicted difficulty using alignment score and sequence identity of SPARKS2. c¢)
Cut-off parameter X changes from the 0.99 to the 0.8 as the difficulty increases. d)
Parameter w is the weighting factor of SSscore as shown in the Eq. 2. We decided the
parameters, X and w, using the training set of the CASP7 targets.
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Score,,,=CCL+wXSSscore (2)

Here, CCL represents the CIRCLE score'® which is based on a 3D-1D
profile score (such as Verify3D*®), and the SSscore represents the secondary
structure agreement score that was calculated by comparing the secondary
structure judged from the 3D model with the secondary structure predicted
using the PSI-PRED?" from the query sequence. The details of this score are
mentioned by Terashi et al.'® As shown in Table 1, the w value is the
weighting factor for the SSscore, which was optimized using the training set
based on the CASP7 targets.'” The weight values of w were 0.3 and 1 for
easy and difficult targets about the modeling process, respectively. It was
shown that the agreement score in the secondary structure is also significant
in addition to the CIRCLE score.

The details of the FAMSD method and the remarkable results of the
benchmark test using the CASPS target proteins'? among the participating
teams in the CASP8 experiment will be reported elsewhere. As a result of
the benchmark test, we summarize that the FAMSD method has an excellent
capability to pack amino acid side-chains with correct torsion angles, in ad-
dition to the correct main chain, while avoiding the formation of atom-atom
collisions that are not observed in native protein structures.

Creation of the HUMAN FAMSD-BASE In the HUMAN FAMSD-
BASE, the protein sequences of the human genome were obtained from the
sequence collection ‘hsap2,” which contains 28954 protein sequences, in the
Genomes TO Protein structures and functions (GTOP) database.’**® The
FAMSD method was applied to each sequence in ‘hsap2’ to construct reli-
able 3D structure models. However, if the FAMSD method assigned the tar-
get protein as ‘very difficult” or impossible for protein modeling, 3D models
of the targets were not constructed nor included in the HUMAN FAMSD-
BASE, because these models were not sufficiently accurate or reliable. Con-
sequently, for 72% (20743 out of 28954) of proteins from the human
genome, one or more relatively reliable 3D models were constructed. This
HUMAN FAMSD-BASE was created using the template structures of the
22297 non-redundant PDB chain set of August 2008. During a year, how-
ever, the number of the template 3D structures increased by 2197 in relation
to the non-redundant PDB chains as at July 2009; therefore how the quality
of the HUMAN FAMSD-BASE is affected by the change of the number of
the non-redundant PDB chains is discussed in ‘Results and Discussion.’

Handling of Membrane Proteins In the ‘hsap2’ sequence collection of
the GTOP database, there are many sequences of membrane proteins, such
as G-Protein Coupled Receptor (GPCR) family proteins. According to the
GTOP, 6470 out of 28954 sequences in the ‘hsap2’ were categorized as
membrane proteins based on the prediction of transmembrane helices using
the SOSUI program.®”

In our FAMSD method, as described in ‘Methods,” the 3D models con-
structed in the step (3) were ranked with the Score, including the CIRCLE
score'® in Eq. 2. The CIRCLE score is based on the sum of 3D-1D profile
scores in the unit of the amino acid residue of the target protein, and esti-
mates the stability in aqueous solution of a protein structure from a free en-
ergy point of view. In addition, the CIRCLE score represents the stability for
soluble protein structures, and some parameters used in the CIRCLE pro-
gram were determined using side-chains environments in experimental
structures consisting of soluble proteins. Side-chains on the surface of a
membrane protein are surrounded by lipids or hydrophobic molecules. The
side-chain environments of membrane proteins are very different from those
of soluble proteins. Thus the CIRCLE score should not be used as quality
estimation for 3D models of membrane proteins. It should be noted that the
Score, in Eq. 2 could not estimate the quality of 3D models for the mem-
brane proteins appropriately. On the other hand, the Score,; in Eq. 1 is useful
for both membrane proteins and soluble proteins, because the Score, is ob-
tained from an alignment that represents the evolutionary relationship be-
tween the target and template proteins.

Accordingly, for the 6470 membrane proteins defined based on the
SOSUI in the HUMAN FAMSD-BASE, the 3D models were ranked using
the Score,; in Eq. 1 for each query sequence. These ranking results are de-
scribed when users select the ‘hsap2membrane’ as a species code on the top
page of HUMAN FAMSD-BASE. Note that these 6470 membrane proteins
are also included in the normal ‘hsap2’ collection in which the ranking for
the 3D structures were executed using the Score, in Eq. 2, because false-
positive judgments may be contained in the prediction of the transmembrane
helices using the SOSUT program.*”

Results and Discussion

The HUMAN FAMSD-BASE In the HUMAN FAMSD-
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BASE, the total number of models and the average number
of models per one target protein were 242918 and 11.7, re-
spectively. The quality of the constructed models was esti-
mated by the CIRCLE score,'® which is a 3D-1D profile
score based on Verify 3D.*® According to our benchmark test
using past CASP targets, in many cases the first ranked
model by the CIRCLE score is statistically near to the native
structure among the model candidates.'® However, the model
that is nearest to the native structure is infrequently a candi-
date model that is not ranked first. This means that the sum-
mation of isolated free energy-like score for each amino acid
residue of the protein sequence is not absolutely enough to
determine the order of the protein stability. Therefore, the
HUMAN FAMSD-BASE includes all of the constructed
models in the step (3) based on reliable alignments obtained
in the steps (1) and (2), not only the first ranked models.
Thus, the many models of total number 242918 were con-
structed, and the average number of constructed models per
one target protein was 11.7. The models for each target were
sorted by the CIRCLE score such that the first ranked model
was the protein structure nearest to the native structure. Fig-
ure 1 shows the distribution of model number for the 10%
band of sequence identity (%) in the alignment between the
target proteins, which are the subjects of the structure predic-
tion, and the templates, which are registered as the experi-
mental structures in the PDB database. In Fig. 1, as only an
alignment whose model was first ranked by the Score,, was
adopted in the modeling for each target protein, the total
number of alignments used for describing this figure is
20743, which corresponds to the number of genes for which
we could construct protein models. In the band of sequence
identity from 0 to 10%, for example, there are 1,456 models
corresponding to the 7% ratio of 20743. There are 6551
(32%) in the band of the sequence identity from 10 to 20%.
Thus, 39% of the models of the 20743 proteins belong to the
band of sequence identity from 0 to 20%. As the modeling of
the target proteins having the sequence identity from 0 to
20% between the target and template proteins is very difficult
technically, this HUMAN FAMSD-BASE includes many
models for which we are generally unwilling to perform ho-
mology modeling due to the difficulty of performing the se-
quence alignment.

In the HUMAN FAMSD-BASE, if the template proteins
have ligand binding sites, the sites may be significant for the
function expression of the target protein. The HUMAN
FAMSD-BASE provides a template chain file that contains
coordinates of all ligands in PDB chains that have more than
95% sequence identity with the template protein. In other
words, if the PDB chains in the 95% cluster have some lig-
ands binding to them, then it suggests that the ligand-binding
site is significant for the function of the subject protein.

Benchmark Test (1) in Comparison with the PF
Method We wanted to perform the benchmark test for the
quality of the models in the HUMAN FAMSD-BASE by
comparing them with those in the previous version of the
human protein structure model database called HUMAN
FAMSBASE, which is part of the RIKEN FAMSBASE.
However, the comparison of quality between both databases
is very difficult, because the models in the above two human
protein modeling databases have been constructed under two
different conditions of the PDB version of August 2008 and
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Fig. 1. Distribution of the Number Modeled against the Band of Sequence
Identity (%) between Target and Template Proteins in HUMAN FAMSD-
BASE

For each target protein, one alignment was used to calculate the distribution. The
alignment whose model was first ranked by the CIRCLE score was adopted. Therefore,
the total number of alignments in this distribution is 20743, which corresponds to the
number of modeled genes. In this figure, for example, ‘~10’ means that the sequence
identity ranges from 0 to 10%, and ‘~20’ means that the sequence identity ranges from
10 to 20%. The value written under the sequence identity range is the ratio of the num-
ber of alignments belonging to the sequence identity range for the number, 20743, of
the total alignments.

September 2005, respectively, of when referring to the non-
redundant PDB chain set. In the current HUMAN FAMSD-
BASE, the FAMSD method was used to construct the mod-
els. On the other hand, in the preceding HUMAN FAMS-
BASE, the POWER FUNCTION (PF) method was used. The
PF method employs BLAST-related programs, Score,; (that
is, the PF score) in Eq. 1, and the FAMS modeling program.
There are two major differences with the FAMSD method. In
the preceding database, first, the SPARKS2 and SP3 pro-
grams were not used to generate alignments in the PF
method. Second, the Score,; (PF score) in Eq. 1 was used in
ranking models with the PF method, while the Score, in Eq.
2 was used in the FAMSD method. In the benchmark test of
this paper, the models of the CASP8 targets in place of the
models in the two human protein modeling databases com-
pared were used. The quality of the models was assessed
with the Global Distance Test Total Score (GDT_TS),*® the
%_correct_chil and the %_correct_chi2. The GDT_TS rep-
resents the accuracy of the Co backbone geometry of the
model, which is formally used in the CASP experiment. The
GDT_TS value ranges from zero to 100. A high GDT_TS
value indicates that the Co backbone atoms of the model
were predicted at near native positions. A GDT_TS value of
100 means that all the Cor coordinates of the model structure
are within 1 A in comparison with the experimental structure.
The GDT_TS value is convenient and valuable to estimate
the accuracy of the Car backbone geometry of protein mod-
els. The %_correct_chil and the %_correct_chi2 are ratios of
correct 1 torsion angles and correct y2 torsion angles, re-
spectively. The y1 torsion angle was considered “correct” if
the value was within 40 degrees of the experimental value.*”
The y2 torsion angle was considered “correct” if both the y1
and 2 values were within 40 and 60 degrees, respectively.
As shown in Table 2A, the FAMSD method provided
significantly higher quality models than the FUNCTION
method in the assessment of the Co backbone geometry
and side-chain conformation. The GDT_TS values of the
FAMSD-based models were, on average, 9.6% higher than
those of the FUNCTION-based models, as shown by diff %
in Table 2A. In the assessment of side-chain conformation,
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Table 2. Benchmark Test (1) Results of the POWER FUNCTION and the
FAMSD Methods

(A) Average Values of GDT_TS, %_correct_chil and %_correct_chi2

PF”  FAMSD? diff diff %
GDT_TS? 54.4 59.6 +52 +9.6%
%_correct_chil” 34.1% 39.0% +5.0% +14.6%
%_correct_chi2® 23.6% 26.9% +3.3% +13.9%
The 121 CASPS8 target proteins were used as the benchmark set. a) POWER

FUNCTION (PF) method that was used in the previous HUMAN FAMSBASE. b)
FAMSD method that was used in the HUMAN FAMSD-BASE described in this paper.
¢) Difference calculated by subtracting PF from FAMSD. d) Ratio of increase from
PF. e) Average of the GDT_TS value for the 121 CASPS targets. f) Average of the
%_correct_chil for the 121 CASPS targets. g) Average of the %_correct_chi2 for the
121 CASPS targets.

(B) The Number of Target Proteins in Which Either the PF Method or the
FAMSD Method Was Superior to the Other Method

Sequence identity range® PF? FAMSD® even?

0—10% 1 2 0
10—20% 2 28 24
20—30% 2 11 22
30—40% 0 3 7
40—50% 0 1 5
50—60% 0 0 7
60—70% 0 1 2
70—80% 0 1 1
80—90% 0 0 1
Total 5 47 69

a) Sequence identity which was obtained from the FAMSD method was used.
b) The number of target proteins in which the GDT_TS value of the PF based model
was higher by more than five points than that of the FAMSD based model. ¢) The
number of target proteins in which the GDT_TS value of the FAMSD based model was
higher by more than five points than that of the PF based model. ) The number of
target proteins in which difference of the GDT_TS value between the PF based model
and the FAMSD based model was less than 5.0.

the %_correct_chil and the %_correct_chi2 of the FAMSD-
based models were higher by 14.6% and 13.9%, respectively,
than those of the FUNCTION-based models. Table 2B shows
the number of target proteins in which either the PF method
or the FAMSD method was superior to the other method for
each sequence identity range. Here, when the GDT_TS value
of the model based on a method (Model A) was higher by
more than five points than that of the model based on the
other method (Model B), Model A was considered as supe-
rior to Model B. Five points of the GDT_TS value correlates
to a 5% of full marks, which is estimated to be very small in
relation to the difference in the 3D structure. As shown in
Table 2B, for sequence identity range of “10—20%,” the
FAMSD method was superior to the PF method for the 28
target proteins. Conversely, the PF method was superior to
the FAMSD method for only two target proteins. Both meth-
ods were approximately equal within the difference of 5
points for the 24 target proteins. Thus, the FAMSD method
was superior to, or approximately as good as, the PF method
for almost all the target proteins. Similarly, for the sequence
identity range of “20—30%,” the FAMSD method was supe-
rior to, or approximately as good as, the PF method for al-
most all the target proteins. We show an example, T0494,
which was picked from the CASPS8 target proteins and which
belongs to the sequence identity range of “20—30%.” For
target protein T0494, The GDT_TS values of the FAMSD-
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(A) FAMSD

(B) POWER FUNCTION

GDT_TS=50.0

Fig. 2. Overlaid Structures between the Native Structure of T0494 and
Two Models, the FAMSD Based Model and the PF Based Model

(A) Overlaid structure of the native and the FAMSD based model. Green and yellow
colored ribbon model are the native structure and the FAMSD based model, respec-
tively. The GDT_TS, %_correct_chil and %_correct_chi2 of the FAMSD based model
were 75.9, 59.9% and 45.4%, respectively. (B) Overlaid structure of the native and
the PF based model. Green and magenta colored ribbon model are the native structure
and the POWER FUNCTION (PF) based model, respectively. The GDT_TS, %_cor-
rect_chil and %_correct_chi2 of the PF based model were 50.0, 33.4% and 25.9%, re-
spectively.

based model and the PF-based model were 76 and 50, re-
spectively, and the overlaid structures between the native
structure and the two models based on the FAMSD and PF
methods are shown in Figs. 2A and B, respectively. As shown
in Fig. 2, it is apparent that the FAMSD-based model is
nearer to the native structure than the PF-based model. In
Fig. 1, the HUMAN FAMSD-BASE contains many models
(56%) belonging to the band of the sequence identity from 0
to 30% in the sequence alignment between the target and
template proteins; thus, the HUMAN FAMSD-BASE will
provide many higher quality models than the preceding
HUMAN FAMSBASE due to the superior modeling accu-
racy of the FAMSD method.

Protein models are generally used to deduce the biological
function where an experimental structure is not available,
and, therefore, protein models are required to be highly accu-
rate, not only in backbone geometry, but also in the side-
chain conformation. Accordingly, the HUMAN FAMSD-
BASE created in this paper is a useful and valuable tool for
biological researchers, because the FAMSD method provides
high quality models both in the Cor backbone geometry and
in the side-chain conformation. The creation of the HUMAN
FAMSBASE, based on the PF method, is economically effec-
tive because it does not consume vast computer resources
due to the necessity of only performing the sequence analysis
without many model constructions. However, because re-
searchers need to access to useful models of target proteins
belonging to the difficult modeling class, the creation of the
HUMAN FAMSD-BASE is required, even if it is less eco-
nomically advantageous in terms of computer resources due
to the necessity of a higher number of model constructions
for a given target protein. Therefore, it is useful and valuable
that the HUMAN FAMSD-BASE becomes open to the pub-
lic, along with the publication of our paper, in addition to the
preceding HUMAN FAMSBASE.

Benchmark Test (2) in the Assessment of the Accuracy
of the Constructed Model In addition to the above bench-
mark test (1) using CASPS target proteins, we implemented
another benchmark test (2) for the HUMAN FAMSD-BASE,
using target proteins whose structures have been determined
by experimental methods in the human protein sequences of
‘hsap2.” Experimental structures that had missing residues
were eliminated from this benchmark set. Consequently,
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1370 target proteins were used as the first benchmark set.
The FAMSD method was applied to each target in the first
benchmark set. The native structures of the first benchmark
set, which are answer structures, were omitted from the non-
redundant PDB chain set for the purpose of no use. For 1227
(90%) out of 1370 target proteins, the FAMSD method could
construct one or more 3D structure models. In the other 143
(10%) target proteins, no reliable alignments were detected;
therefore no 3D models for this 10% were constructed. In the
second benchmark set of 1227 target proteins, the total num-
ber of constructed models and the average number of models
per one target protein were 13614 and 11.1, respectively. Fig-
ure 3 shows the distributed ratio of the number of the target
proteins against the band of sequence identity (%) between
the target and template proteins in the second benchmark set.
We assessed the representative model, which is the first
ranked model by the CIRCLE score, for each target protein
in terms of RMSD_CA, GDT_TS, %_correct_chil, and
%_correct_chi2. The RMSD_CA is the Root Mean Square
Deviation (RMSD) value between the Co atoms of the ex-
perimental structure and those of the model. The %_cor-
rect_chil and the %_correct_chi2 are ratios of correct y1

~10

Fig. 3. Distribution of the Number Modeled against the Band of Sequence
Identity (%) between Target and Template Proteins in the 1227 Benchmark
Set in Benchmark Test (2)

For each target protein, one alignment was used to calculate the distribution. The
alignment whose model was first ranked by the CIRCLE score was adopted. Therefore,
the total number of alignments in this distribution is 1227. In this figure, for example,
‘~10" means that the sequence identity ranges from 0 to 10%, and ‘~20" means that
the sequence identity ranges from 10 to 20%.

71

torsion angles and correct y2 torsion angles, respectively.
The y1 torsion angle was considered “correct” if the value
was within 40 degrees of the experimental value.” The 2
torsion angle was considered “correct” if both the 1 and y2
values were within 40 and 60 degrees, respectively. Table 3
shows the average values of the RMSD_CA, the GDT_TS,
the %_correct_chil, and the %_correct_chi2 for each se-
quence identity region. These results indicate that the quality
of a predicted model has a correlation with the sequence
identity. As a whole, accordingly, the quality of the target
protein in the HUMAN FAMSD-BASE for which a user such
as biochemist or biologist wants to analyze might be inferred
from the information in the band of the sequence identity be-
tween the target and template proteins in Table 3. The values
of the RMSD_CA, the GDT_TS, the %_correct_chil and the
%_correct_chi2 did not distribute normally for each band of
the sequence identity between the target and template pro-
teins; therefore, the box-and-whisker plots®*” for each band of
the sequence identity are presented in Figs. 4A—D, which
are corresponding to the RMSD_CA, the GDT_TS, the %_
correct_chil and the %_correct_chi2, respectively. In each of
many box-and-whisker plots® of Fig. 4, the horizontal line
in the middle of the box represents the statistical median.
The lower and the upper edges of the box are the 1st quartile
(Q,) and 3rd quartile (Qs), respectively. For example, in the
RMSD_CA assessment (Fig. 4A), the statistical median, the
Q, and the Q, values are 3.6, 2.5 and 5.4 A, respectively, in
the sequence identity range of ‘~30’ which represents the
sequence identity from 20 to 30%. These values indicate that
the number ratio of the models with the RMSD_CA <2.5 A
was 25 % in relation to the O, value, the number ratio of the
models with the RMSD_CA <3.6 A was 50% in relation to
the statistical median, and the number ratio of the models
with the RMSD_CA <5.4 A was 75% in relation to the Q;.
In other words, when a user obtains a model with 20—30%
sequence identity, these values estimate the quality of the
model with the RMSD_CA <2.5A, <3.6A and <5.4 A with
probability of 25%, 50% and 75%, respectively. The detailed
data used to draw the box-and-whisker plots can be found in
the Supplementary Data of the HUMAN FAMSD-BASE
which is open to the public at http://mammalia.gsc.riken.jp/

Table 3. Assessment of Predicted Models in the 1227 Benchmark Set against the Sequence Identity (%)
Sequence The number of targets ~ Average RMSD_CA® A GDT_TS? A % t_chil® A % t_chi2®
identity (%) el ge X verage _ wverage %_correct_chi wverage %_correct_chi
0—10 9 12.08 34.80 11.16 5.62
10—20 129 9.83 46.68 25.83 16.01
20—30 199 5.02 66.12 45.55 31.57
30—40 160 3.59 73.15 51.30 35.61
40—50 114 3.35 78.15 56.78 40.89
50—60 119 2.53 81.68 61.59 45.10
60—70 102 3.02 83.65 63.63 49.61
70—80 94 1.75 87.99 71.72 55.81
80—90 117 2.40 85.91 69.53 55.72
90—95 184 1.96 89.57 75.61 61.98
95—100 88 0.60 96.34 90.57 83.99

a) Average value of the RMSD_CA for each sequence identity region. The RMSD_CA is Root Mean Square Deviation (RMSD) value between Co atoms of the experimental

structure and those of the model.

b) Average value of the GDT_TS for each sequence identity region. The GDT_TS represents the accuracy of the Co backbone geometry of the

model, which is formally used in the CASP experiment as an alternative to the RMSD_CA. The GDT_TS value ranges from zero to 100. A high GDT_TS value indicates that the
Ca backbone atoms of the model were predicted at near native positions. ¢) Average value of the %_correct_chil for each sequence identity region. The %_correct_chil is the
ratio of correct y1 torsion angles. The y1 torsion angle was considered “correct” if the value was within 40 degrees of the experimental value. d) Average value of the %_cor-
rect_chi2 for each sequence identity region. The %_correct_chi2 is ratio of correct 2 torsion angles. A y2 torsion angle was considered “correct” if both the y1 and y2 values
were within 40 and 60 degrees, respectively.
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(A) Boxplot (RMSD_CA)
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Fig. 4. Box-and-Whisker Plots against the Band of Sequence Identity (%) between Target and Template Proteins from the Assessment Results for the 1227

Benchmark Set in Benchmark Test (2)

In each of the box-and-whisker plots, the horizontal line in the middle of the box represents the statistical median. The lower and the upper edges of the box are the 1st quartile
(0,) and 3rd quartile (Q5), respectively. The upper and lower “whiskers” represents the farthest points that are not outliers (i.e., that are within 3/2 times the interquartile range of
0, and 0;). Open circles represent outliers that are over 3/2 times the interquartile range of O, and Q. The detailed data used to draw the box-and-whisker plot can be found in the
Supplementary Data. The statistical difference of the RMSD_CA values between each sequence identity ranges was determined by two-sided Wilcoxon’s rank sum test, since the
values of the RMSD_CA did not distribute normally. Difference with p<<0.05 was considered significant. In most of the pairs, except for those detailed below, the difference was
significant. The difference between ‘~50" and ‘~60’ of the sequence identity range (p=0.145), the difference between ‘~70” and ‘~80’ of the sequence identity range (p=0.566),
and the difference between ‘~70° and ‘~90” of the sequence identity range (p=0.157) were not significant. (A) Box-and-whisker plot for RMSD_CA. (B) Box-and-whisker plot
for GDT_TS. (C) Box-and-whisker plot for %_correct_chil. (D) Box-and-whisker plot for %_correct_chi2.

human_famsd/. Thus, the HUMAN FAMSD-BASE indicates
the approximate accuracy of the model, when a user of our
database wants to know the accuracy of the referred model.
Example: Aspartyl tRNA Synthetase Aspartyl tRNA
synthetase*” consists of 501 amino acids. The 3D structure
of aspartyl tRNA synthetase has not been determined
experimentally, such as by X-ray diffraction. The HUMAN
FAMSD-BASE provides the 3D structure models for As-
partyl tRNA synthetase as shown in Fig. 5. On the top page
of the HUMAN FAMSD-BASE, when users input ‘Aspartyl
tRNA synthetase’ in the Keyword search box, the result ob-
tained is shown in Fig. SA. The search results provide some
information; (1) information for the query protein, such as
the gene ID, the amino acid length and the annotation; and
(2) information derived from alignment between target and
template proteins, such as the pdb code, the sequence iden-
tity, and the alignment method for each constructed model.
The first ranked model for aspartyl-tRNA synthetase was
constructed using the structure of pdb code 1ASY as a tem-
plate. The sequence alignment between the query and tem-
plate proteins is shown in Fig. SA. In this case, the sequence
identity between the query sequence and sequence of the
template protein was 57%. According to the benchmark test
(2), the accuracy of the model in the sequence identity range
of “50—60%" is estimated as the RMSD_CA <1.7A, the
GDT_TS >86, the %_correct_chil >64% and the %_cor-

rect_chi2 >46%, with a probability of 50% in relation to the
statistical median (Table 4). Thus, the quality of the model in
the HUMAN FAMSD-BASE could be estimated roughly
using the results of the benchmark test (2). For biochemist
and biologist, thus, the model of aspartyl-tRNA synthetase is
useful and valuable, because they cannot obtain the experi-
mental 3-dimensional structure of this synthetase.

On the other hand, moreover, we picked another target pro-
tein different from aspartyl-tRNA synthetase as a standard-
type of the comparison to estimate the 3D structure visually
on the same sequence identity range (“50—60%") from the
target proteins of the benchmark test (2), whose structures
have already been experimentally determined. Protein of
NP_001019195.1 (GTP cyclohydrolase I) was selected as such
a representative protein or a standard-type. Figure 6 shows
the overlaid structures of the predicted and experimental
structures of protein NP_001019195.1, which is one of the
target proteins in benchmark test (2). The sequence identity
between NP_001019195.1 and template (pdb code 1FB1) se-
quences was 58.4%. The sequence identity range belonged to
“50—060%,” just as in the case of aspartyl-tRNA synthetase.
The superimposed structures of the predicted 3D model for
NP_001019195.1 are almost overlapping to each other from
a visual point of view, and, therefore, Fig. 6 visually repre-
sents the typical statistical-medians of GDT_TS and RMSD_
CA for the sequence identity range of 50—60%.



January 2010

(A) Result of keyword search

green:3D model

magenta:Template

Fig. 5. Top Page of the HUMAN FAMSD-BASE and 3D Protein Model
for Aspartyl-tRNA Synthetase in the HUMAN FAMSD-BASE

(A) Searching results when users input the key word “aspartyl tRNA synthetase” at
the top page of the HUMAN FAMSD-BASE. The search results provide some informa-
tion; (1) information for the query protein such as the gene ID, the amino acid length
and the annotation, (2) information derived from alignment between the target and tem-
plate proteins, such as the pdb code, the sequence identity and the alignment method
for each constructed model. The constructed 3D models are sorted by the Score, score
for constructed models. When a user chooses “reference PDB” such as “1ASY_A,” the
sequence alignment between the query and template proteins will appear. If the tem-
plate protein contains some ligand molecules, information for ligand molecules will ap-
pear below the alignment. (B) 3D protein model for aspartyl-tRNA synthetase. The
green and magenta colored ribbon models are the predicted 3D model of aspartyl-
tRNA synthetase and the template structure (pdb code 1ASY), respectively. The stick
models are ligand molecules included in 95% sequence identity cluster proteins for the
template structure. Yellow colored stick residues on the 3D model of aspartyl-tRNA
synthetase are residues within 4 A from the RNA molecules.

If the 95% sequence identity cluster proteins for the tem-
plate protein contain some ligand molecules, information for
ligand molecules will appear below the sequence alignment.
In Fig. 5A, the “Superimpose” button provides the coordi-
nates of the 3D structure model of the query protein and the
template protein with superimposition. The coordinates of
the ligand molecules are also included. Figure 5B shows the
superposition between the model for aspartyl-tRNA syn-
thetase and the template protein (pdb code 1ASY) with the
ligand molecules. In this case, the RNA molecules that were
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Table 4. Results of the Benchmark Test (2) for the Sequence Identity
Range of 50—60%

RMSD_CA GDT_TS %_correct_chil %_correct_chi2
Min® 0.68A Max? 9858 80.1% 65.7%
IstQu” 127A  3rdQu® 91.88 68.7% 52.3%
Median® 1.67A  Median® 85.86 63.7% 45.7%
3rdQu®?  3.02A  1stQu? 77.82 55.2% 36.6%
Max®  13.46A  Min® 35.62 15.2% 2.8%

a) Minimum value in the benchmark test. ) Ist quartile (Q,) value. ¢) Statisti-
cal median value. d) 3rd quartile (Q;) value. e) Maximum value in the benchmark
test. The values for the other sequence identity ranges can be found at the Supplemen-
tary Data.

red : experimental

cyan : predicted

Fig. 6. Overlaid Structures of the Predicted and Experimental Structures
of the Representative Protein (NP_001019195.1) for the Sequence Identity
Range of 50—60%

Cyan and red colored ribbon models are predicted 3D model and experimental struc-
ture for NP_001019195.1, respectively. NP_001019195.1 (GTP cyclohydrolase I, pdb
code is 1FBI1) is one of the target proteins in the benchmark test (2). The predicted 3D
model was constructed using pdb code IWUR as a template, and the sequence identity
between NP_001019195.1 and pdb code IWUR was 58.4%. The values of the
RMSD_CA, GDT_TS, %_correct_chil and %_correct_chi2 for the predicted 3D
model were 1.3 A, 87, 62% and 46%, respectively. Since the value for each assessment
criterion is near by the value of the corresponding statistical median for the sequence
identity range of 50—60%, NP_001019195.1 was selected as a representative protein
or a standard-type protein in the sequence identity range.

obtained from 95% sequence identity cluster proteins for the
template protein are included. Thus, a user might identify the
RNA binding amino acid residues in the aspartyl-tRNA syn-
thetase protein from the 3D structure model in the HUMAN
FAMSD-BASE.

Updating the Database The first version of the HUMAN
FAMSD-BASE was created with the non-redundant PDB
chain set of August 2008. The non-redundant PDB chain set
is created based on the clustering with 95% sequence iden-
tity. At August 2008, the number of the representative PDB
chains was 22297. However, by July 2009, the number of the
representative PDB chains had increased by 2197. We imple-
mented an update of the HUMAN FAMSD-BASE using the
newly added 2197 PDB chains, as shown in Table 5.

As the result of the update, the number of models that
were newly constructed in this update was 15489 (Table 5).
The total number of more targets modeled newly or increas-
ingly was 4979 in this update. Of these, 330 targets had no
models at August 2008. The other 4649 targets had one or
more models at August 2008. Consequently, in the latest
HUMAN FAMSD-BASE, the numbers of total models and
targets modeled totally were 258407 and 21073, respectively.
The 22.4% ratio of the modeled targets (20743 in August
2008) changed in relation to the constructed model number,
and the number of newly modeled targets increased by 1.6%
during a year from August 2008 to July 2009. From the result
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Table 5. Statistics for the July 2009 Update
Increased number
August 2008 by July 2009 July 2009
PDB* 22297 2197 24494
Models” 242918 15489 258407
Modeled targets 20743 4979 (330)” 21073

a) The number of PDB chains of the non-redundant PDB chain set. 5) The num-
ber of the constructed models. ¢) The number of targets that have at least one model.
d) The number of the modeled targets increased by 4979 in the update of July 2009. Of
these, 330 targets had no models at August 2008. The other 4649 targets had one or
more models at August 2008, i.e. the number of models for the 4649 targets increased
from equal to or more than one.

of the large change of the 22.4% ratio mentioned above, thus,
the HUMAN FAMSD-BASE should be updated periodically
with the latest version of the PDB database, at least once in a
year.

Conclusion

We created a new protein structure model database called
HUMAN FAMSD-BASE for human protein sequences of
‘hsap2.” This model database includes protein models con-
structed with the FAMSD protein modeling method. Assess-
ing the FAMSD method using the CASPS8 targets showed that
it has an excellent capability to pack amino acid side-chains
with correct torsion angles, while avoiding the formation of
atom-atom collisions that are not observed in native protein
structures. As shown in Table 2, furthermore, in comparison
with the POWER FUNCTION method that was used to con-
struct models in the previous HUMAN FAMSBASE, the
FAMSD method provides significantly higher quality models
than the FUNCTION method in the assessment of Cor back-
bone geometry and side-chain conformation. Thus, due to
the high quality models, both for Ca backbone geometry and
side-chain conformation, provided by the FAMSD method,
the HUMAN FAMSD-BASE is a useful and valuable tool for
biological, pharmaceutical and medicinal researchers. As
shown in Fig. 1, the 39% ratio of human protein models in
the HUMAN FAMSD-BASE have the alignments of low se-
quence identity (under 20%), for which we are generally un-
willing to construct homology models due to the technical
difficulty for having the statistically significant alignment be-
tween the target and template proteins. Then, the HUMAN
FAMSD-BASE should provide many useful models espe-
cially in the band of low sequence identity in addition to that
of the high sequence identity for researchers.

Interestingly, the benchmark test (2) showed that the accu-
racy of the constructed model can be estimated from refer-
ring to the various values of the average RMSD_CA, the av-
erage GDT_TS, the average %_correct_chil, and the average
%_correct_chi2 in Table 3, if researchers using the HUMAN
FAMSD-BASE check the sequence identity percent between
the target and template proteins. From another box-and-
whisker plot point of view, moreover, the supplementary data
of this paper gives information about the model quality from
the sequence identity between the target protein and template
proteins. We took up aspartyl-tRNA synthetase protein as an
example. The RMSD value for minimum, first quartile (Q,),
statistical median, third quartile (Q;) and maximum, and the
GDT_TS, %_correct_chil and %_correct_chi2 values for
maximum, Q,, statistical median, O, and minimum are
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shown in Table 4.

Moreover, it is important that newly published experimen-
tal structures are reflected in the model database. We imple-
mented an update of the HUMAN FAMSD-BASE using
newly published PDB chains added between August 2008
and July 2009. The database should be periodically updated
with the latest version of the PDB database, at least once in a
year, as the number of available template proteins increases.
By including the latest modeling structures in the update, the
HUMAN FAMSD-BASE will have an important impact on
the progress of biological science. Researchers will be pro-
vided with useful models of target proteins belonging to the
difficult modeling class; therefore, the successive creation of
the HUMAN FAMSD-BASE is required, even if it is less
economically advantageous in terms of computer resources
than previous database. Furthermore, it is useful and valuable
that the version of the HUMAN FAMSD-BASE based on the
PDB version of August 2008 becomes open to the public, in
addition to the preceding HUMAN FAMSBASE, which was

based on the PDB version of September 2005.

Supplementary Data Supplementary Data are available at the Help
page of the HUMAN FAMSD-BASE, http://mammalia.gsc.riken.jp/human_
famsd/docs/manual.pdf.
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