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ABSTRACT

The COMBREX database (COMBREX-DB; combrex.
bu.edu) is an online repository of information re-
lated to (i) experimentally determined protein func-
tion, (ii) predicted protein function, (iii) relationships
among proteins of unknown function and various
types of experimental data, including molecular func-
tion, protein structure, and associated phenotypes.
The database was created as part of the novel COM-
BREX (COMputational BRidges to EXperiments) ef-
fort aimed at accelerating the rate of gene func-
tion validation. It currently holds information on
~3.3 million known and predicted proteins from over
1000 completely sequenced bacterial and archaeal
genomes. The database also contains a prototype
recommendation system for helping users identify
those proteins whose experimental determination
of function would be most informative for predict-
ing function for other proteins within protein fami-
lies. The emphasis on documenting experimental ev-
idence for function predictions, and the prioritization
of uncharacterized proteins for experimental testing
distinguish COMBREX from other publicly available
microbial genomics resources. This article describes
updates to COMBREX-DB since an initial description
in the 2011 NAR Database Issue.

INTRODUCTION

Knowledge of protein function is fundamental for an un-
derstanding of most of biology. However, only a small frac-

tion of proteins have had their function characterized exper-
imentally - the rest either have annotations that are either
computationally predicted, or they lack any functional an-
notation. Furthermore, the high discovery rate of new genes
by Next Generation Sequencing (NGS) is far greater than
the rate of experimental characterization of their protein
products (Figure 1). Thus, an ever larger percentage of pro-
teins have functions predicted based on an ever smaller per-
centage of experimentally characterized ones. This places a
premium on every new experimental test of gene function.

Experimental sources supporting gene functional assign-
ments have not been systematically documented. When
newly discovered genes are annotated based on similarity
to an experimentally characterized gene, they then become
sources for future annotation of other genes. As a result,
genes may be annotated based upon genes that are them-
selves far removed from solid experimental evidence. This
can be a major source of inaccurate annotations.

The ‘annotation problem’ is both large and of uncertain
accuracy. Size: our analysis of the proteins in COMBREX-
DB identified close to 1 million hypothetical proteins with
no annotated function, either computational or experimen-
tal (1). Error estimates: a recent study observed an average
misannotation rate of 40% for 37 different protein families
2).

COMBREX-DB was created to provide comprehensive
information of protein function, and to help experimental-
ists effectively deal with the two annotation issues listed
above (lack of functional annotation and errors in exist-
ing annotation). This broader effort has been previously de-
scribed (1,3). Two guiding philosophies of COMBREX are
the maximal leveraging of existing experimental informa-
tion, and the facilitation of maximal information gain with
each new experiment. These guidelines are addressed pri-
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Progress in Gene Function Assignment
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Figure 1. Progress for DNA sequencing, blue diamonds, left axis, loga-
rithmic scale. Progress in gene function assignment, red squares, right axis.
Red squares represent individual genomes (selected randomly after 2007).
Chronologically: H. influenzae, E. coli, P. aeruginosa, Magnetospirillum sp.
strain AMB-1, Halogeometricum borinquense type strain (PR3T), Odorib-
acter splanchnicus type strain (1651/6T), Desulfotomaculum ruminis type
strain (DLT).

marily through the inclusion of traceable information con-
necting annotations or predictions to their foundational ex-
periments, and the identification and ranking of proteins ac-
cording to likely information gain from a potential experi-
mental result.

DATA SOURCES AND CONTENT

Currently in the COMBREX Database, there is informa-
tion regarding protein function status for ~3.3 million
known and predicted proteins from over 1000 completely
sequenced microbial genomes, organized into more than
400 000 protein families. Much of the protein data was ob-
tained from RefSeq (4) and UniProt(5), and information re-
garding protein clusters followed the system established by
the NCBI Protein Clusters Database (ProtClustDB) (6).

Protein function status was comprehensively assessed
(the Gene Ontology ‘molecular function’, unless other-
wise stated), and each protein in COMBREX-DB was as-
signed into one of three major functional categories, which
were color-coded: proteins whose function is experimen-
tally characterized are designated green, proteins that have
functional predictions but have not been experimentally
characterized are blue, and those with no available com-
putational predictions or associated experimental data are
black (a fourth category, gold, respresents green proteins
that have been manually verified by a curator, and is in the
early stages of development.) Most proteins, 76%, have at
least one computational prediction of function, but have
not been experimentally characterized (blue). The second
in size group consists of proteins with no functional pre-
diction (black), which characterizes ~24% of all proteins.
The smallest group, experimentally characterized proteins
(green), comprises less than 1% of all proteins. Protein clus-
ters are also categorized according to protein functional sta-
tus, and they acquire the status of their most characterized
protein (green > blue > black).

Pages for individual proteins emphasize information and
data related to protein function, and provide links to the
major databases (Entrez Gene, UniProt, etc.) for compre-
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hensive description of all knowledge related to the gene.
For a particular protein, COMBREX-DB highlights links
to: PubMed for papers containing experimental character-
ization of the protein; PDB for associated structural data;
BRENDA for biochemical data; the gene ontology (GO) for
assigned functional categories (7); CDD and Pfam for pro-
tein domain information (8,9). COMBREX-DB also lists
if the protein has been associated with any of 243 pheno-
types, mostly related to drug resistance, drug sensitivity or
essentiality. This information is obtained from other depos-
itories or databases hosted by collaborators (10-20) and is
rigorously documented.

COMBREX-DB hosts locally computational predictions
about the protein’s potential function, along with the as-
sociated provenance data users require to evaluate the pre-
diction. Individual proteins may have multiple predictions
of their function, from different providers using different
methodologies, which may, or may not, agree. COMBREX-
DB makes no attempt to evaluate the relative merits of var-
ious submitted predictions so long as the methods were
described in a peer-reviewed manuscript—it is intended to
serve as an open platform and comprehensive repository for
functional predictions which users may browse. If the func-
tion of a protein has not been experimentally verified, and
has only a predicted function, COMBREX-DB is the first
database that attempts to trace predictions to their source
data by providing computed links to closely related proteins
that have been experimentally characterized. This enables
the user to obtain highly relevant experimental informa-
tion that will eventually highlight the differences that might
cause a change of function.

Most proteins are grouped with closely related proteins
into protein clusters, or families, whenever possible, on the
assumption that proteins of highly related sequence likely
have shared function (6). Each cluster has a dedicated page
that again highlights information related to protein func-
tion. Central to every protein family is a listing of each pro-
tein member, and a succinct listing of each protein’s func-
tional classification status, whether it has a solved structure,
whether it is been purified and expressed, whether it has any
shared Pfam domains with human proteins, and whether or
not a specific functional prediction has been submitted di-
rectly to COMBREX for that protein. This information is
useful to prioritize experimental validations and guiding ex-
periments.

Additionallyy, COMBREX-DB lists properties of the
cluster, such as the phylogenetic spread of protein members,
so that one can assess the degree of conservation for this
protein family. As will be detailed below, information is also
presented that allows a user to gauge in a simple manner
which proteins might be most informative if their function
was experimentally validated.

While COMBREX groups genes in clusters, multiple an-
notation methods are integrated (1). In particular, we in-
cluded BLAST style methods, phylogenetic methods (21),
general functional linkages stored in VISANT that are com-
puted based on a variety of context methods (22-24). Fu-
ture versions of COMBREX aim to allow user-selected
methods of organizing genes, whether using clusters, or
functional linkage networks based on ideas described in
(24-27).
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Search the COMBREX database (all fields optional; Help)

Enter keyword, gene symbol. or identifier
Enter species name

[All] v Gene functional status (select)

[All] v/ Phenotype association (select)

Check to restrict search to:
Genes in Category A-C and Emerging/Re-Emerging pathogens
Genes in curated Protein Clusters
Genes with predictions submitted to COMBREX 7
Genes with solved structures in PDB §
Genes with Pfam domains shared with human proteins &
Genes with products purified by PSI [t
Genes cloned by PSIc

Search

Figure 2. The search interface for COMBREX-DB, allowing users to
search by gene, organism, functional status with a variety of filters.

COMBREX-DB has the capability to serve as a central
repository for computational predictions. Many journals
enforce a data availability policy that biological data set de-
scribed in the manuscript must be publicly available (e.g.
DNA sequences, or protein structural coordinates). How-
ever, there is no established public repository for computa-
tional predictions of protein function. While the number of
predictions generated by a single method can be very large,
the visibility of those predicted annotations may be low.

An important database design element in the construc-
tion of COMBREX-DB was the creation of an easily
searchable database of functional predictions for micro-
bial genes. Computational biologists can deposit functional
predictions into COMBREX-DB, providing exposure for
their work and allowing experimentalists to search for pre-
dictions they might be interested in testing. COMBREX-
DB contains close to 14 000 predictions using nine dis-
tinct methods (1,21,23,28-32). Functional linkage connec-
tions for each protein can be visualized using the integrated
VISANT platform (33), which can provide clues for func-
tional context.

DATABASE USE

COMBREX-DB is designed to allow biologists to quickly
analyze a protein’s function status, data related to its func-
tion, and any predictions of function in a convenient man-
ner. Users may search the COMBREX database for genes
or groups of genes using the search box by gene names, de-
scriptions, predictions, and identifiers. Searches can be re-
stricted by a number of options to limit and focus search
results. Searches may specify a specific organism or a
pathogenic organism. Searches may specify the experimen-
tal validation status of a protein, and/or the protein cluster.
Advanced search can also be used to restrict your search
to genes with predictions submitted to COMBREX, genes
containing a Pfam domain also found in human genes,
genes with structure entries in RCSB Protein Data Bank, or
proteins cloned and purified by the Protein Structure Initia-
tive (PSI) (Figure 2).

All search results from COMBREX-DB are returned or-
ganized into protein families. A cluster will be returned if
the search term matches any gene in the cluster, or the clus-
ter itself. This is the case even if the search term specified one

exact protein by unique accession number—in this case the
results would return the protein cluster to which the query
protein belonged. Opening the Cluster Detail page would
then allow the user to quickly assess the cumulative func-
tional information for all proteins in the cluster, and a sec-
ond click would open the desired Protein Detail page. This
strategy for the presentation of results has been found to be
quite effective at enabling users to efficiently identify highly
relevant functional information annotated for orthologous
proteins, but which might not be included in the annotation
of the query protein.

A sample search result is shown in Figure 3, in this case
for the query ‘methionine aminopeptidase’. The results are
organized by Cluster (red arrows). One hundred and forty-
five clusters were found in the database, of which the top
four are pictured. The number of proteins with various
ranks of experimental determination is summarized by the
color-coded boxes to the right of the cluster name (blue ar-
row). The search results are inclusive. The top result is a
cluster named ‘Peptidase M24’ contains a protein labeled
‘putative Proline or Methionine dipeptidase’ which is the
reason why that cluster was returned as a match.

The default rank order of search results follows a set
of guidelines intended to emphasize to users the potential
value of performing an experimental test of protein function
of a member of that cluster. Therefore, clusters with zero
experimentally characterized proteins are ranked ahead of
clusters that contain protein(s) with experimentally deter-
mined function(s). Clusters that have members with wide
distributions on a phylogenetic tree (and lower phylogenetic
spread score; green box) are ranked ahead of clusters with
narrower spreads. Lastly, larger clusters are ranked ahead of
smaller clusters. Given the pressing need for experimental
tests of protein function to keep up with the determination
of new genome sequences, this rank order draws attention
to the user that it may be more informative to experimen-
tally test a protein that is conserved among the largest num-
ber of phyla or kingdoms, and that has a large number of
closely related homologs. Users may rank results by other
criteria according to personal preference. COMBREX-DB
also highlights particular genes that may be the most infor-
mative to test experimentally within a cluster (blue boxes —
see below).

Recommendation system

In COMBREX-DB, a proof-of-concept system for priori-
tizing experiments based on flexible criteria is provided. The
identification of proteins to test by the researcher can bal-
ance interest in a specific protein, with ‘informative’ pro-
teins using the proof-of-concept prioritization system. Typ-
ically, there is only a marginal increase in labor to biochem-
ically test several proteins in parallel when one has procured
all the reagents and created all the buffers for the testing of
a single protein.

Prioritization of targets implemented in COMBREX-DB
takes into account a number of factors, such as protein fam-
ily size or phylogenetic distribution. In its prototype form,
protein families were defined according to NCBI’s Prot-
ClustDB, and a multiple sequence alignment of each family
was performed using MUSCLE (34). A distance matrix for
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Searched on keyword 'methionine aminopeptidase’
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Found 145 NCBI Protein Clusters and 125 individual proteins which have not yet been assigned to a cluster matching this search

Sort results by | COMBREX Default Ranking || Sort | [Download &) k
1-350 of 270 Protein Clusters/Genes | 1 2 3 4 5 6 Show All )

9 ' ertidase M24 P (total 8 proteins/ 8 organisms / phylogenetic spread [info] = 0.0)

COMBREX recommended genes (info) in this Protein Cluster (links go directly to gene pages):

Bracdyrhizobium sp. ORS278

2 BRADOG6608

putative putative proline or

1L

9 . aminopeptidase - 0 d 0 ;B; (total 7 proteins/ 7 organisms / phylogenetic spread [info] =1.0)

COMBREX recommended genes (info) in this Protein Cluster (links go directly to gene pages):

Mycobacterium avium 104

S MAV_4708

aminopeptidase. R H

9 i methionine aminopeptidase m Fﬁ] (total 2 proteins/ 2 organisms / phylogenetic spread [info] =1.0)

9 ' iron-sulfur cluster-binding protein Em E 'q (total 11 proteins/ 11 organisms / phylogenetic spread [info] = 2.0 )

COMBREX recommended genes (info) in this Protein Cluster (links go directly to gene pages):

Burkholderia sp. 383

8 Bcepl8194 _B2802

hypothetical protein. R/ H

Figure 3. A sample search result for the query ‘methionine aminopeptidase.” Results are organized by Cluster (red arrows). The functional status of
member proteins are summarized graphically (blue arrow). Clusters are ranked by phylogenetic spread score (green box) and number of members (see text

for details). All results can be easily downloaded (purple arrow).

the alignment was calculated using the protdist program in
PHYLIP (35) under the Jones-Taylor-Thornton model of
amino acid substitution (36). For each protein in a cluster,
COMBREX-DB has pre-computed the average tree based
distance to all other proteins. A small average distance for
a protein suggests that the sequence is present near the cen-
troid of the cluster (that is close to the evolutionary ances-
tor of the family), and that it would be expected to be a
‘typical’ protein for that cluster. For clusters without any
experimentally validated members, the ‘central’ protein is
recommended as a protein whose experimental validation
would likely provide the greatest amount of information for
all proteins in that cluster.

COMBREX-DB displays the histograms of the pre-
computed distances on the Cluster Detail pages. For some
protein families without evidence of sub-classification,
characterization of a single protein might be a good over-
all representation of the protein family’s activity (Figure 4,
Panel A). When the histograms become multi-modal (Fig-
ure 4, Panel B—two subclusters; Figure 4, Panel C—three
subclusters) one would expect that characterization of a sin-
gle protein from these would not be adequate, and that test-
ing multiple proteins would be required. This type of infor-
mation is not available on any existing database.

Tracing annotations to experimental evidence

The vast majority of proteins have predicted functional
annotations based on sequence similarities, and most of

those result from automated processing of newly sequenced
genomes. Unfortunately these pipelines typically do not
record the source protein that was used to annotate the new
protein. This can make the task of evaluating the likely ve-
racity of an assigned annotation challenging. COMBREX-
DB attempts to provide traceable links of assigned function
to experimentally characterized proteins, whenever possi-
ble. Currently, COMBREX can associate roughly 45% of all
annotations in COMBREX-DB (1.47M proteins) to exper-
imentally characterized proteins, which could serve as the
experimental source supporting the annotations. It is not
possible to determine if the proposed associations were the
experimental evidence used at the time of first annotation,
but it may be regarded as the current closest relevant evi-
dence in sequence space. This is surprising coverage, espe-
cially considering the incompleteness of our knowledge of
experimentally characterized proteins (see the discussion of
the Gold Standard Database in (1)).

Nearly a half million proteins are associated with pro-
teins that have solved crystal structures. This is again im-
pressive, as less than a half of one percent have solved struc-
tures, yet they inform structural considerations for over 14%
of all proteins. Phenotype data is even more sparse, with
a little over 5000 proteins having been recorded to exhibit
one of the cataloged phenotypes on COMBREX-DB. How-
ever these proteins reside in clusters containing more than
300 000 proteins, and suggests the possibility that simi-
lar phenotypes might be observed when the expression of
those proteins is altered. In sum, these examples concretely
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Figure 4. Histograms of average distance for each protein in a cluster to all other proteins in the cluster. Proteins with the shortest average distance to all
others, are considered ‘most typical’ for the cluster, and recommended for experimental testing in clusters which have no experimentally validated protein.
Panels B and C indicate clusters with potential substructure, indicating the likely necessity for testing multiple proteins experimentally within a cluster for

an adequate characterization.

demonstrate the extent to which experimental results can
be more effectively leveraged as the community attempts to
process the very large amounts of gene sequence data.

FUTURE PERSPECTIVES

COMBREX-DB is a repository that attempts to empha-
size the experimental foundations of our knowledge of pro-
tein function, by documenting the relationships between
experiment, annotated function, and function prediction.
While currently limited to bacteria and archaea, the archi-
tecture could accommodate entries on proteins from fungi,
protozoa and viruses. It is our belief that there would be
general utility to the inclusion of more types of phenotype
data, including those that result from genetic manipulation
of protein expression. The ability to search COMBREX-
DB with sequence queries and return experimental informa-
tion related to biochemical function, structure and pheno-
type was prototyped (37), and requires a web interface for
wider dissemination. While these enhancements would all
be of some benefit, the potentially most important role for
COMBREX-DB remains its bridging position between the
computational and experimental communities—providing
a forum for computational biologists to share specialized
function predictions to a wider audience, and enabling ex-
perimentalists to easily browse and consider testing specific
predictions. Coordinated effort will be essential in order
to shed light on, and increase biological understanding of,
even a few of the many mysteries of genomes which NGS
generates daily, terabyte by inexorable terabyte.
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