








superfamily are thought to mediate transport of most
small molecules across the cell membrane in
Pseudomonads (42). To determine the modeling leverage
of PflBenF, template-based modeling as implemented in
ModWeb was performed, using the sequences and struc-
tures of PflBenF as well as two previously determined
similar structures, OpdK (43) and OprD (44), both from
P. aeruginosa. A total of 221 unique protein sequences
were identified in the UniProtKB database, with
sequence identities >30% to at least one of these three
protein structures. The first structure of a member of
this fold family, PaOprD, enabled modeling of 165
related proteins. Subsequent determination of the struc-
ture of PaOpdK resulted in models for an additional
three protein sequences. In contrast, determination of
the PflBenF structure enabled homology modeling of 53

additional protein sequences. Thus, the structure of
PflBenF expands significantly the number of useful
homology models of the porins in the OprD and OpdK
families. Experimental structures of additional OprD/
OpdK subfamily members should provide useful guides
for planning experiments aimed at defining the mechan-
isms governing pore selectivity. The modeling leverage
statistics for this project can be accessed at
http:///modbase.compbio.ucsf.edu/modbase-cgi/model_
leverage.cgi?type=master_partha.

Superfamily member identification and functional
annotation: Solute Carrier Transporters

Solute carriers are a group of approximately 400
biomedically important membrane proteins that control

Figure 1. The Chimera–Modeller interface. The sequence alignment is displayed in Chimera’s Multalign Viewer tool (top). In the dialog for running
Modeller (middle left), one of the sequences in the alignment is designated as the target, and at least one structure (associated with another sequence
in the alignment) is designated as the template. Structure information is shown to help guide the choice of template. After the run, the resulting
models are listed along with various model scores from Modeller in a table (bottom left) and their structures are loaded into Chimera. In this
example, the main Chimera window (right) shows the template as an outline and one of the model structures as a ribbon colored by error profile.
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the uptake and efflux of solutes, including essential
cellular compounds and therapeutic drugs (45).
Numerous variants that are important for clinical drug
response have been identified in solute carriers by the
Pharmacogenomics of Membrane Transporters project
(PMT) at UCSF (46). Solute carriers can share similar
structural features despite weak sequence similarities.
We defined solute carrier families by comparing their

sequences using structure and profile–profile alignments
as well as similarity networks. The families were
analyzed in the context of substrate type, transport
mode, organism conservation and tissue specificity (47).
The classification is useful for inferring similarities and
differences in various structural and functional features
such as fold, ligand-binding site and molecular mechanism
of uncharacterized solute carriers based on their
characterized aligned homologs. We used these family def-
initions to show which solute carriers have known struc-
tures or have good quality comparative models—i.e.
models based on >30% sequence identity to a known
template structure over at least 70% of their sequences,
or are assessed to have the correct fold by various scores
(47). In addition to ModBase and the Protein Model
Portal (48), the solute carrier alignments and models are
freely accessible via PharmGKB (49). A phylogenetic tree
for each modeled solute carrier is also provided through a
link from the ModBase model pages (http://salilab
.org/modbase/search?dataset=slc).

Prediction of protein–protein interactions: Schistosoma
mansoni pathogenesis

S. mansoni is a parasitic flatworm and the major causative
agent of schistosomiasis, a disease affecting >200 million
people in developing countries. The pathogen employs
many strategies to infect the human host and evade the
immune response through different life-cycle stages (50).
To understand these mechanisms of pathogenesis, we
applied a host–pathogen protein–protein interaction pre-
diction pipeline to the human and S. mansoni proteomes.
This pipeline, previously applied on 10 pathogens (51),
relies on comparative modeling of human and pathogen
proteins based on template domain–domain interactions
and subsequent evaluation of the complex model interface
using the MODTIE statistical potential (32). Application
of the pipeline resulted in over 500 predicted complexes
involving both human and S. mansoni proteins. Some of
these predictions include parasite proteins expressed in the
invasive cercarial life-cycle as well as human proteins
known to play a role in immunomodulatory processes.
Several of these predictions are currently being tested by
experiment.

Genome-wide functional annotation: the Helicobacter
pylori proteome

The Gram-negative bacterium H. pylori inhabits the
human stomach. The presence of pathogenic strains has
been shown to lead to gastric ulcers, gastritis and gastric
cancer (52). As part of our effort to provide functional
annotations for genes in the H. pylori genome (http://
phylogenomics.berkeley.edu/phylofacts/), we created a

ModBase data set of models for all sequences in the
proteome of the H. pylori strain 26695 that are detectably
related to an experimental structure. For 61 of the 1575
proteins in this strain, crystal structures of domains or
whole proteins already exist. For 1467 of the remaining
1514 proteins in this strain, at least one reliable model was
built. The number of proteins with models based on 0–20,
20–30, 30–40, 40–50, 50–60 and 60–100% sequence
identity is 40, 368, 603, 275, 96 and 85, respectively. Of
these, 584 had at least one model for which TSVMod (19)
predicted a Ca RMSD � 3.5 Å. The available templates lie
at varying evolutionary distances from the target proteins,
and different regions of a single target protein may be
homologous to different templates.

We illustrate the use of these models with the enzyme
biotin carboxylase (locus HP_0370, UniProt accession
O25134, gi 2313468). Biotin carboxylase catalyzes an
early step in fatty acid biosynthesis. Thus, bacterial
biotin carboxylases are investigated as potential drug
targets using virtual screening (53). Because these
enzymes occur across the Tree of Life (including
human), detailed knowledge of the catalytic site
geometry may help in designing drugs that are specific
to the pathogen and don’t bind to the host proteins.
Prediction of functional sites by similarity to experimen-
tally characterized functional sites is facilitated by the use
of comparative models to visualize and probe protein
function (25,54,55).

The ModPipe pipeline produced several models for this
protein based on templates at different evolutionary dis-
tances. Analysis of the H. pylori biotin carboxylase with
the Berkeley PHOG algorithm (56), a phylogenomic
method of orthology prediction, supports the annotation
of this protein as a biotin carboxylase based on
super-orthology—the most stringent definition of

Figure 2. Model of Helicobacter pylori biotin carboxylase based on
template 1dv1. TSVMod predicts a Ca RMSD of 3.5 Å. The top ten
functional residues predicted by INTREPID are highlighted: seven that
are also known from the literature to be involved in catalytic function
are colored red, and three representing potential novel predictions are
colored blue. These 10 residues are, in descending order of INTREPID
importance score: C243 (red), H222 (red), H312 (red), F93 (blue),
M304 (red), Y74 (blue), Q226 (blue), Q246 (red), Q250 (red) and
Q309 (red). UCSF Chimera was used to load the model from
ModBase and produce this figure.
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orthology (57)—with two experimentally characterized
proteins in the BRENDA database (58): Q54755
(Synechococcus elongatus strain PCC 7942) and Q10YA8
(Trichodesmium erythraeum strain IMS101). A human
mitochondrial ortholog, Q96RQ3 (PDB ID 2ejm),
includes annotation of site-specific features from
SwissProt (59).

To predict functional residues using the ModBase
models for this enzyme, we submitted the H. pylori

biotin carboxylase to the INTREPID webserver (60)
that uses a phylogenomic algorithm to predict evolution-
arily conserved sites (61). Of the top 10 residues predicted
by INTREPID, 7 are supported by experimental studies
based on homology to the biotin carboxylase subunit of
Acetyl-Coa Carboxylase (PDB ID 1bnc): C243 [equivalent
to C230 in 1bnc, whose catalytic function is supported
(62)], H222 [H209 in 1bnc (63)], H312 [H297 in 1bnc,
adjacent to active site (63)], M304 [M289 in 1bnc (63)],

Figure 3. ModBase Model Details page (e.g. O25458 from the Helicobacter pylori genome data set): Prominently displayed is the model with the
highest sequence identity/model length combination. The thumbprints represent all models from the most recent modeling calculation. Models from
earlier calculations are also available. A ribbon diagram of the primary model, database annotations, and modeling details are displayed. The
pull-down menu provides access to alternative ModBase views and other types of information (if available), such as data about SNPs. The
cross-references section contains links to relevant internal and external databases. Through a link to ModWeb (displayed in the inner box), a
user can update the model.

Nucleic Acids Research, 2011, Vol. 39, Database issue D471

 at N
ational Institute of E

ducation L
ibrary, Serials U

nit on June 8, 2015
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


Q246 [Q233 in 1bnc (64)], Q250 [Q237 in 1bnc (63)] and
Q309 [Q294 in 1bnc (63)]. Three residues (F93, Y74 and
Q226) may represent novel predictions of functional sites.
INTREPID predictions and known active site residues are
displayed in Figure 2, illustrating the use of comparative
models to predict functional sites. The complete genome
modeling data set for H. pylori can be downloaded from
ftp://salilab.org/databases/modbase/projects/genomes/.

ACCESS AND INTERFACE

Direct access

The main access to ModBase is through its web interface
at http://salilab.org/modbase, by querying with
UniprotKB (3) and GI (2) identifiers, gene names, anno-
tation keywords, PDB (65) codes, data set names,
organism names, sequence similarity to the modeled se-
quences (BLAST (15)) and model-specific criteria such
as model reliability, model size and target–template
sequence identity. Additionally, it is possible to retrieve
coordinate files and alignment files as text files. Select
genome data sets are also available from our ftp server
(ftp://salilab.org/databases/modbase/projects).
The output of a search is displayed on pages with

varying amounts of information about the modeled se-
quences, template structures, alignments and functional
annotations. An example of the output from a search re-
sulting in one model is shown in Figure 3. A ribbon
diagram of the model with the highest target–template
sequence identity is displayed by default, together with
some details of the modeling calculation. Ribbon thumb-
prints of additional models for this sequence link to cor-
responding pages with more information. Ribbon
diagrams are generated on the fly using Molscript (66)
and Raster3D (67). A pull-down menu provides links to
additional functionality: the SNP module, retrieval of co-
ordinate and alignment files as well as molecular visual-
ization by Chimera that allows the user to display
template and model coordinates together with their align-
ment. If mutation information is available for a protein
sequence, links to the details are provided in the
cross-references section. Additionally, cross-references to
various other databases, including PDB (65), UniProtKB
(68), the UCSC Genome Browser (69), EBI’s InterPro
(70), PharmGKB (71) and SFLD (72) are given. Other
ModBase pages provide overviews of more than one
sequence or structure. All ModBase pages are intercon-
nected to facilitate easy navigation between different
views.

Access through external databases

The Protein Model Portal (PMP) has become a valuable
option for accessing ModBase models (http://proteinmo-
delportal.org) (49,73). The PMP is a single point of entry
for accessing protein structure models from a number of
different databases, by querying all participating source
model databases, and serving the model coordinates,
alignments and quality criteria from a central location.
ModBase models in academic and public data sets are

also directly accessible from several other databases,

including UniProtKB (3), PIR’s iProClass (68), EBI’s
InterPro (70), the UCSC Genome Browser (69),
PubMed (LinkOut) (74), PharmGKB (71) and SFLD (72).

FUTURE DIRECTIONS

ModBase will grow by adding models calculated on
demand by external users (using ModWeb) as well as
our own calculations of model data sets that are needed
for our research projects (using ModPipe, ModWeb or
Modeller). These updates will reflect improvements in
the methods and software used for calculating the
models as well as new template structures in the PDB
and new sequences in UniProtKB. In the future, we
expect that most of the users will access ModBase
models through the PMP.
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publications.
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