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ABSTRACT

NLSdb is a database of nuclear localization signals
(NLSs) and of nuclear proteins. NLSs are short
stretches of residues mediating transport of nuclear
proteins into the nucleus. The database contains 114
experimentally determined NLSs that were obtained
through an extensive literature search. Using ‘in
silico mutagenesis’ this set was extended to 308
experimental and potential NLSs. This final set
matched over 43% of all known nuclear proteins
and matches no currently known non-nuclear pro-
tein. NLSdb contains over 6000 predicted nuclear
proteins and their targeting signals from the PDB
and SWISS-PROT/TrEMBL databases. The database
also contains over 12 500 predicted nuclear proteins
from six entirely sequenced eukaryotic proteomes
(Homo sapiens, Mus musculus, Drosophila melano-
gaster, Caenorhabditis elegans, Arabidopsis thali-
ana and Saccharomyces cerevisiae). NLS motifs
often co-localize with DNA-binding regions. This
observation was used to also annotate over 1500
DNA-binding proteins. NLSdb can be accessed via
the web site: http://cubic.bioc.columbia.edu/db/
NLSdb/.

INTRODUCTION

Extraction and testing of NLS motifs

Proteins are actively transported into the nucleus by binding to
specific molecules such as importins and karyopherins that
recognize distinct targeting signals (1). The targeting signal is
usually a short stretch of consecutive residues and is
commonly referred to as the nuclear localization signal
(NLS). Experimentally best characterized are mono-partite
and bi-partite motifs. Most mono-partite motifs are character-
ized by a cluster of positively charged residues preceded by a

helix-breaking residue. Most bipartite motifs consist of two
clusters of basic residues separated by 9–12 residues. Over the
last few years a large number of distinct NLSs have been
experimentally implicated in nuclear transport (2,3). However,
NLSs have been experimentally determined for fewer than
10% of known nuclear proteins. To remedy this situation we
devised a procedure of ‘in silico mutagenesis’ to discover new
NLSs (4). Briefly this procedure works as follows. (i) Change
or remove some residues from the experimentally character-
ized NLS motifs and monitor the resulting true (nuclear) and
false (non-nuclear) matches. Obviously, allowing alternative
residues at particular positions increased the number of nuclear
proteins found. However, often this also increased the number
of matching non-nuclear proteins. (ii) Discard any potential
NLSs that are found in known non-nuclear proteins (false
matches). (iii) Require that potential NLSs be found in at least
two distinct nuclear families. The 194 potential NLSs
discovered using this procedure increased the coverage of
known nuclear proteins to 43%. All proteins in the PDB and
SWISS-PROT/TrEMBL (5) database were annotated using the
full list of experimental and potential NLSs. We also annotated
all sequences in the yeast, worm, fruit fly and human
proteomes. Approximately 20% of the NLS motifs were
observed to co-localize with experimentally determined DNA-
binding region of proteins (4,6). These motifs were used to
annotate DNA-binding proteins.

General interest

NLSdb is a comprehensive source of information regarding
NLSs and proteins translocated into the nucleus by signal
sequences. Targeting signal recognition is a key control point
in the regulation of nuclear transport. A database of NLS
motifs is therefore a useful resource for biologists in
identifying targeting signals in their sequence. The database
describes all experimentally determined NLS motifs with links
to original references in PubMed (7). The information
provided by our tool has already been useful for experimental
studies of nuclear targeting.
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DATABASE DESCRIPTION

Interface

The data are stored and managed using the portal of the
Sequence Retrieval System (SRS) (8). SRS provides a
convenient and robust framework for managing molecular
databases. This provides users with quick, efficient search,
retrieval and display methods that work for any web browser.
Using SRS, the information in NLSdb can be easily integrated
with other public and proprietary databases. The database is
continuously updated and refined from the primary literature.

Format and fields

NLSdb has been formated in an EMBL-like flat-file format, thus
allowing indexing of the database in SRS (8). Each NLSdb entry
describes a nuclear localization signal. Each entry is organized
into six major fields; (i) Origin; (ii) Annotation; (iii) Reference;
(iv) Confidence; (v) Proteins; and (vi) DNA binding. The
‘Origin’ field describes whether the NLS has been found by
direct experiments, or if it is a potential NLS discovered through
our ‘in silico mutagenesis’. For experimentally determined
NLSs, further information is provided in the fields ‘Annotation’
and ‘Reference’. The ‘Annotation’ field describes the protein
family in which the experimental NLS was first established and
the ‘Reference’ field gives the primary literature citation. The
‘Reference’ field also contains a link to PubMed for each
citation. The ‘Confidence’ field is an indicator of our confidence
in the NLS; it consists of two sub-fields; ‘Total confidence’ and
‘% Nuclear’. ‘Total confidence’ is the number of localization
annotated proteins from SWISS-PROT/TrEMBL in which this
NLS is found and ‘% Nuclear’ is the percentage of these
that are annotated as nuclear in SWISS-PROT/TrEMBL. The
‘Proteins’ field lists proteins from various databases that are
likely to be targeted to the nucleus since they match the given
NLS motif. Currently the ‘Proteins’ field contains proteins from
the SWISS-PROT/TrEMBL, PDB and the PEP (9) databases.
All protein entries are linked to the original entries in
the respective databases. The ‘DNA binding’ field describes
whether the NLS overlaps with known DNA-binding regions of
proteins. NLSdb can be browsed either starting with the NLS
entries or with any of the data-fields defined above.

Searches

All data-fields in NLSdb can be searched using standard
Boolean queries. Proteins in NLSdb can be identified through
their SWISS-PROT/TrEMBL, PDB or PEP identifiers. NLS
motifs can be queried by providing a string of one-letter amino
acid codes. Database entries can be downloaded using the save
‘Complete entries’ functionality in SRS.

Annotations for entirely sequenced eukaryotic proteomes

Using the full set of experimental plus potential (discovered
through ‘in silico’ mutagenesis) NLS motifs in NLSdb, we
found over 12 500 proteins with NLS in six entirely sequenced
eukaryotic proteomes (Table 1).

CONCLUSIONS

NLSdb can greatly help in better understanding signal
dependent nuclear transport of proteins. The potential NLS
motifs discovered through ‘in silico’ mutagenesis can aid in
discovering new signal sequences involved in nuclear target-
ing. A future goal is to integrate NLSdb with all sequences in
the SWISS-PROT/TrEMBL database and all proteomes in the
PEP database.

NLSdb should be cited with the present publication as
reference. The database can be accessed through the World
Wide Web at: http://cubic.bioc.columbia.edu/db/NLSdb/.
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Table 1. Nuclear proteins in six entirely sequenced proteomes

Organism Nprota Nprot with NLSb

Arabidopsis thaliana (plant) 25 456 2390
Caenorhabditis elegans (worm) 18 898 1915
Drosophila melanogaster (fly) 14 184 1274
Mus musculus (mouse) 28 096 2538
Homo sapiens (human, partial) 31 073 4122
Saccharomyces cerevisiae (yeast) 6306 482

Sum 124 013 12 721

aNprot: number of proteins in proteome.
bNprot with NLS: number of proteins with NLS in the proteome.
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