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ABSTRACT

MODBASE (http://guitar.rockefeller.edu/modbase) is
a relational database of annotated comparative
protein structure models for all available protein
sequences matched to at least one known protein
structure. The models are calculated by MODPIPE, an
automated modeling pipeline that relies on PSI-BLAST,
IMPALA and MODELLER. MODBASE uses the
MySQL relational database management system for
flexible and efficient querying, and the MODVIEW
Netscape plugin for viewing and manipulating
multiple sequences and structures. It is updated
regularly to reflect the growth of the protein
sequence and structure databases, as well as
improvements in the software for calculating the
models. For ease of access, MODBASE is organized
into different datasets. The largest dataset contains
models for domains in 304 517 out of 539 171 unique
protein sequences in the complete TrEMBL database
(23 March 2001); only models based on significant
alignments (PSI-BLAST E-value < 10–4) and models
assessed to have the correct fold are included. Other
datasets include models for target selection and
structure-based annotation by the New York Structural
Genomics Research Consortium, models for prediction
of genes in the Drosophila melanogaster genome,
models for structure determination of several ribosomal
particles and models calculated by the MODWEB
comparative modeling web server.

INTRODUCTION

The genome sequencing projects are providing us with
complete sets of amino acid sequences of many proteins,
including catalysts, inhibitors, messengers, receptors, trans-
porters and structural elements of living organisms. To realize
the full potential of the genome projects, we need to be able to
assign, understand, control and modify the function of the
proteins encoded by the genomes. These tasks are generally
facilitated by the knowledge of the native three-dimensional
(3D) structure of the proteins (1–3). Unfortunately, the structures
of only a tiny fraction of known protein sequences have been
defined by X-ray crystallography or nuclear magnetic resonance

spectroscopy (NMR). There are only about 16 000 entries in
the Protein Data Bank (PDB) of known protein structures (4),
whereas there are over 600 000 entries in the comprehensive
TrEMBL (5) and GenPept (6) protein sequence databases.
Therefore, the structure of most protein sequences has to be
predicted by computation (7). There are two classes of protein
structure prediction methods. The first class of methods,
de novo or ab initio methods, predicts the structure from
sequence alone, without relying on similarity at the fold level
between the modeled sequence and any of the known
structures (8). Despite significant recent progress, de novo
prediction is not yet generally applicable because even successful
calculations result in models with a root-mean-square (r.m.s.) error
of 4–8 Å over approximately 80 residues. The second class of
protein structure prediction methods, including threading and
comparative modeling, rely on detectable similarity spanning
most of the modeled sequence and at least one known structure
(9). Comparative modeling consists of four steps: finding
known structures related to the sequence to be modeled
(i.e. templates), aligning the sequence with the templates,
building a model and assessing the model. Next, we describe
the errors in comparative models, applications of comparative
models and the current coverage of genomes by comparative
models.

The accuracy of comparative modeling is related to the
percentage sequence identity on which the model is based,
correlating with the relationship between the structural and
sequence similarities of two proteins (9–11). High accuracy
comparative models are based on >50% sequence identity to
their templates. They tend to have ∼1 Å r.m.s. error for the
main-chain atoms, which is comparable to the accuracy of a
medium-resolution NMR structure or a low-resolution X-ray
structure. The errors are mostly mistakes in side-chain
packing, small shifts or distortions of the core main-chain
regions and occasionally larger errors in loops. Medium-
accuracy comparative models are based on 30–50% sequence
identity. They tend to have ∼90% of the main-chain modeled
with 1.5 Å r.m.s. error. There are more frequent side-chain
packing, core distortion and loop modeling errors, and there
are occasional alignment mistakes. And finally, low accuracy
comparative models are based on <30% sequence identity. The
alignment errors increase rapidly below 30% sequence identity
and become the most significant origin of errors in comparative
models. In addition, when a model is based on an almost
insignificant alignment to a known structure, it may also have
an entirely incorrect fold. Errors in comparative modeling and
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threading are best quantified by continuous, automated and
large-scale assessment of automated prediction methods, such
as the assessment by the LiveBench (12) and EVA web servers
(13). Accuracies of the best model building methods are relatively
similar when used optimally (11,14). Other factors such as
template selection and alignment accuracy usually have a
larger impact on the model accuracy, especially for models
based on <40% sequence identity to the templates.

Reasonable applications of any protein structure model
depend on its accuracy, and even models with large errors can
be helpful (7,15). For example, high- and medium-accuracy
comparative models are frequently useful in refining functional
predictions that are based on a sequence match alone, because
ligand binding is more directly determined by the structure of
the binding site than by its sequence. It is often possible to
correctly predict features of the target protein that do not occur
in the template structure. For example, the size of a ligand may
be predicted from the volume of the binding site cleft (16) and
the location of a binding site for a charged ligand can be
predicted from a cluster of charged residues on the protein
(17). Fortunately, errors in the functionally important regions
in comparative models tend to be relatively low because the
functional regions, such as active sites, tend to be more
conserved in evolution than the rest of the fold (18). Comparative
models have been used in studying catalytic mechanisms of
enzymes, designing and improving ligands, docking of macro-
molecules, prediction of interacting protein partners, virtual
screening and docking of small ligands, defining antibody
epitopes, molecular replacement in X-ray crystallography,
designing chimeras, stable and crystallizable variants, supporting

site-directed mutagenesis, refining NMR structures, fitting
proteins into low-resolution electron density maps, finding
functional sites by 3D motif searching, determining structure
from sparse experimental restraints, annotating function by
fold assignment and establishing evolutionary relationships.

While the models can provide substantial insight, they can
also be misleading. Thus, it is critical that each model be
assessed prior to its use. In general, the accuracy of a comparative
model can be estimated simply from sequence similarity to its
template (9,10), or more generally by a variety of model
assessment methods (9,19–21).

Threading and comparative modeling methods have already
been applied on a genomic scale (10,22–27). The fraction of
the known protein sequences that have at least one segment
detectably related to one or more known structures varies with a
genome, and currently ranges from 20 to 65% (28). Approximately
57% of all non-redundant protein sequences in the TrEMBL
database have at least one domain that can be characterized
structurally by comparative modeling (Table 1). Thus, the
number of sequences that can be modeled with useful accuracy
by comparative modeling is already more than an order of
magnitude larger than the number of experimentally determined
protein structures. While the current number of modeled
proteins may look impressive, usually only one domain per
protein is modeled (on average, proteins have slightly more
than two domains) and two-thirds of the models are based on
<30% sequence identity to the closest template. However, the
accuracy and applicability of comparative modeling are
improving rapidly, primarily reflecting the growth of the number
and variety of the known protein structures, determined both by

Table 1. Summary of some datasets of models in ModBase

The number of sequences attempted to be modeled indicates the number of original sequences submitted to MODPIPE. For a definition of a reliable fold assignment
see ‘Contents’. The number of models can be larger than the number of sequences because different segments of a sequence may be modeled independently and
because the same segment may be modeled based on different template structures. The two TrEMBL datasets correspond to the June 2000 and March 23, 2001
versions of the complete TrEMBL database, respectively. For the 2001 TrEMBL dataset, the numbers for several organisms are shown separately. These numbers
correspond to all the entries in the TrEMBL database, including multiple submissions, mutants and partial sequences. The MODWEB datasets are created by the
MODWEB comparative modeling web server (http://guitar.rockefeller.edu/modweb) (N.Eswar and A.Sali, manuscript in preparation). The NYSGRC datasets
are used in target selection and structure-based annotation by NYSGRC (37). The D.melanogaster* dataset contains models for the over-predicted putative genes
in the D.melanogaster genome (38). The S.cerevisiae ribosome dataset contains comparative models for proteins in the yeast ribosome (40).

Dataset Number of sequences 
attempted to be modeled

Number of sequences with 
reliable fold assignments

Number of models Access

TrEMBL (2000) 415 801 197 999 371 816 Academic

TrEMBL (2001) 539 171 304 517 625 739 Academic

   Homo sapiens 33 093 19 437 53 965

   Mus musculus 20 792 11 772 32 138

   Drosophila melanogaster 16 567  8692 27 240

   Caenorhabditis elegans 19 326  9538 26 083

   Arabidopsis thaliana 29 213 16 052 41 164

   Saccharomyces cerevisiae  6714  2972  7218

   Escherichia coli 13 787  6336 11 572

   Mycoplasma genitalium  564  285  533

MODWEB  ∼4500  3994  5140 Private

NYSGRC 13 451  7956 27 886 NYSGRC

Drosophila melanogaster* 21 225  7112 200 153 Academic

Saccharomyces cerevisiae ribosome   109  80  221 Academic
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small teams of structural biologists as well as the world-wide
effort in structural genomics (29–31).

Comparative modeling is already a significant method in
biology because a large fraction of proteins can be modeled
with accuracy that is sufficient for addressing many biological
questions. To increase the efficiency of using comparative
models for experts and to make comparative models accessible
to non-experts, we developed MODBASE, a comprehensive
database of comparative models for all protein sequences that
are detectably related to proteins of known structure (32,33). In
this paper, we describe the most recent version of MODBASE.

CONTENTS

Comparative models in MODBASE are calculated using
MODPIPE, the entirely automated software pipeline for large-
scale comparative protein structure modeling (10; N.Eswar,
R.Sanchez, M.A.Marti-Renom, M.S.Madhusudhan, F.Melo,
U.Pieper, A.C.Stuart, V.A.Ilyin and A.Sali, manuscript in
preparation). MODPIPE relies on PSI-BLAST (34) and
IMPALA (35) for fold assignment, and the MODELLER
package for sequence–structure alignment, model building and
model assessment (36). MODBASE currently contains fold
assignments, sequence–structure alignments, all-atom comparative
models, and model assessments for segments of approximately
350 000 protein sequences. Fold assignments and models for a
fraction of these sequences are considered unreliable. The
folds of the models are assessed by computing an energy-based
model score that uses a statistical energy function, sequence
similarity with the modeling template and a measure of struc-
tural compactness (9,21). Tests with known structures have
shown that models with scores from 0.7 to 1.0 have the correct
fold at a 95% confidence level.

For ease of access, the contents of MODBASE is organized
into several datasets (Table 1). The largest of the datasets was
obtained by processing all of the 539 171 unique protein sequences
in the SWISS-PROT, TrEMBL and TrEMBL-NEW databases
(March 23, 2001). The entire calculation took ∼6 weeks of CPU
time on a Linux cluster with 340 Pentium III CPUs. The TrEMBL
dataset contains only reliable fold assignments, corresponding to
either reliable models or models based on a reliable PSI-BLAST
match. A model is reliable when its energy-based model score is
>0.7. A PSI-BLAST match is reliable when the corresponding
E-value from a filtered PSI-BLAST search is <10–4.

A large number of MODBASE datasets are created by the
web server for automated comparative protein structure modeling,
MODWEB (http://guitar.rockefeller.edu/modweb) (N.Eswar
and A.Sali, manuscript in preparation). MODWEB provides a
web interface to MODPIPE and takes as input either a set of
sequences or a protein structure. For all input sequences,
models are calculated when a potentially related known protein
structure is found in PDB. For an input protein structure,
models are produced for all the detectably related protein
sequences in a comprehensive non-redundant sequence data-
base. MODBASE provides convenient storage and access to
the models calculated by MODWEB.

MODBASE is also used in target selection and structure-
based annotation by the New York Structural Genomics
Research Consortium (NYSGRC). For target selection,
MODBASE provides information about protein sequences that
cannot be satisfactorily modeled by comparative modeling.

For structure-based annotation, MODBASE contains models
calculated by MODWEB for all sequences detectably related
to the novel X-ray structures from the NYSGRC (37). In
addition, the NYSGRC measures the impact of its structures by
documenting the number and quality of the corresponding
models for detectably related proteins in the non-redundant
sequence database. For each new structure, an average of
approximately 100 protein sequences without any prior
structural characterization are modeled at least at the fold level
(http://www.nysgrc.org/). This large leverage of structure
determination by protein structure modeling illustrates and
justifies the premise of structural genomics.

Another application of MODBASE was to facilitate prediction
of genes in the Drosophila melanogaster genome (38). In the
first step, twice the expected number of genes were predicted
by using GeneScan with promiscuous parameters (39). In the
second step, each of the putative genes was tested by a variety
of criteria to detect potentially valid gene predictions. One of
these criteria was protein sequence similarity between a
putative gene and any of the known protein sequences. This
information was calculated for all of the putative genes by
MODPIPE and was stored in MODBASE.

Yet another application of MODBASE was to facilitate
construction of a molecular model of the yeast ribosomal
particle (40). The molecular model of the whole yeast
ribosome was calculated by fitting protein models extracted
from MODBASE into the electron density of the 80S ribosomal
particle, obtained by electron microscopy at 15 Å resolution.
Most of the models for 40 out of the 75 ribosomal proteins
were based on ∼30% sequence identity to their template
structures. This example also suggests that structural genomics
of single proteins or their domains, combined with protein
structure prediction, may contribute significantly to efficient
structural characterization of large macromolecular assemblies.

An example of how MODBASE can be used to elucidate
function of a specific protein is provided by the identification
and characterization of a p53 homolog in D.melanogaster
(dp53) (41). A simple query of MODBASE revealed an
uncharacterized D.melanogaster protein with segments that
could be modeled reliably based on the known structure of the
human p53 protein, despite low sequence similarity between
the two proteins. An inspection of the corresponding alignment
and comparative model showed that many of the residues
known to be important for the function of the human protein
were conserved in the putative dp53 (i.e. the DNA binding
residues). This observation justified extensive characterization
of the biochemical and cellular functions of the dp53, both
in vitro and in vivo, proving that the roles of the human and
D.melanogaster p53 proteins are indeed similar. Hence,
D.melanogaster may provide a useful, simpler genetic system
to further study the p53 regulation network.

ACCESS AND INTERFACE

MODBASE is queryable through the web at http://
guitar.rockefeller.edu/modbase by PDB codes, SWISS-
PROT/TrEMBL and GenPept accession numbers, open
reading frame names, various keywords, model reliability,
model size, target-template sequence identity, alignment
significance and sequence similarity against the modeled
sequences as detected by BLAST (34). It is also possible to
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query the database directly using SQL as implemented in
MySQL (http://www.mysql.com). While access to MODBASE is
free for academic researchers, it is regulated by a login procedure
that relies on cookies and restricts access to certain datasets. For
example, models calculated by a MODWEB user are not accessible
to others, and preliminary datasets, such as the models produced
with unreleased NYSGRC structures, are also protected.

The output of a search is displayed on pages with varying
amounts of information about the modeled sequences,
template structures, alignments and functional annotations.
These tables also contain links to other sequence, structure and
function annotation databases, such as PDB (4), GenBank (6),
TrEMBL (5), CATH (42), Pfam (43) and ProDom (44). In
addition, MODBASE is linked to LIGBASE (http://
guitar.rockefeller.edu/ligbase) (45), our database comprising
ligand-binding sites of known structure aligned with related
protein sequences and structures. Currently, LIGBASE
contains approximately 50 000 ligand binding sites for small
molecules found in the PDB. Binding sites are defined by
protein atoms within 5 Å of any ligand atom. The link between
MODBASE and LIGBASE allows display of putative ligand
binding residues in those MODBASE models that can be
related to the protein structures with defined binding sites, as
established by the structural alignments from the CE program
(46) and sequence–structure alignments in MODBASE.

In addition to the web pages containing text and schematic
representations implemented in Perl/CGI, MODBASE uses the
Netscape plugin MODVIEW (V.A.Ilyin, U.Pieper, A.C.Stuart,
M.A.Marti-Renom, L.McMahan and A.Sali, manuscript
submitted for publication) to visualize and analyze the models
of target sequences, template structures and their alignments.
MODVIEW also contains a number of sequence and structure
analysis tools. For example, it is possible to prepare multiple
sequence alignments, multiple structure alignments, cluster
protein sequences based on these alignments and study their

variability. MODVIEW is currently available for the Linux
operating system (http://guitar.rockefeller.edu/modview).

FUTURE DIRECTIONS

MODBASE will be updated continually to reflect the growth
of the sequence and structure databases, as well as improve-
ments in the methods and software used for calculating the
models.

To facilitate the use of comparative protein structure models
in classification of proteins and in annotation of their function,
MODBASE will be integrated with additional resources in
biology. In particular, we plan to link MODBASE to many
major biological databases through the sequence retrieval
system (SRS) (47). Similarly, we will integrate MODBASE
into the distributed sequence annotation system (DAS) (http://
stein.cshl.org/das/) (48).

MODBASE will also be expanded by adding additional sets of
models, such as models for all single nucleotide polymorphisms
and expressed sequence tags.

CITATION

Users of MODBASE are requested to cite this article in their
publications.
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