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ABSTRACT

Protein export from the nucleus is often mediated
by a Leucine-rich Nuclear Export Signal (NES).
NESbase is a database of experimentally validated
Leucine-rich NESs curated from literature. These
signals are not annotated in databases such as
SWISS-PROT, PIR or PROSITE. Each NESbase entry
contains information of whether NES was shown to
be necessary and/or sufficient for export, and
whether the export was shown to be mediated by
the export receptor CRM1. The compiled information
was used to make a sequence logo of the Leucine-
rich NESs, displaying the conservation of amino
acids within a window of 25 residues. Surprisingly,
only 36% of the sequences used for the logo fit the
widely accepted NES consensus L-x(2,3)-[LIVFM]-
x(2,3)-L-x-[LI]. The database is available online at
http://www.cbs.dtu.dk/databases/NESbase/.

INTRODUCTION

Protein localization is a key feature which is often used to
support functional hypotheses. Eukaryotic cells are character-
ized by having their genetic material confined by a nuclear
envelope. This implies that transcriptional and translational
events are physically separated, which creates a need for
substantial transport across the nuclear envelope. This
compartmentalization also provides a means of controlling
the availability of regulatory proteins in the nucleus.

Transport across the nuclear envelope occurs through the
evolutionary conserved Nuclear Pore Complex (NPC), a huge
proteinaceous structure forming an aqueous channel with an
internal diameter of �9 nm for passive diffusion, and of
�25 nm for active transport. Active nucleocytoplasmic trans-
port of proteins is dependent on a gradient of RanGTP across
the nuclear envelope, and mediated by receptors belonging to
the importin b superfamily (1–5 for review).

Most of the nucleocytoplasmic transport is active. This is a
signal dependent process, requiring a sequence motif in the

protein to be transported. The mechanism of nuclear import of
proteins has been extensively studied (6,2), and Nuclear
Localization Signals (NLSs) are annotated in SWISS-PROT
and PIR (7,8). Both experimental and potential NLSs are
retrievable from the NLSdb database at the PredictNLS
prediction server (9).

Nuclear export of proteins is a more recent subject of
investigation. A Leucine-rich Nuclear Export Signal (NES)
was simultaneously identified in the HIV Rev protein (10) and
in the Protein Kinase A inhibitor (PKI) (11). The evolutionary
conserved CRM1 (also called exportin1/Xpo1) protein was
identified as being the export receptor of proteins containing
Leucine-rich NESs (12–17). The fungicide Leptomycin B
(LMB) was shown to interact directly with CRM1 and to
inhibit CRM1-mediated export (12), providing excellent
experimental verification of this pathway. Only Crm1p of
Saccharomyces cerevisiae is not sensitive to LMB, but a single
amino acid substitution converts Crm1p into being LMB-
sensitive (18). Other export receptors have been identified (19),
but CRM1-mediated export of NES proteins remains the
most extensively studied export pathway to date. Recently
calreticulin was shown to mediate export of PKI in a
NES-dependent, LMB-insenstive manner, indicating that
CRM1 might not be the only export receptor recognizing the
Leucine-rich NES (20).

Besides being important for a better understanding of
eukaryotic gene function and regulation, insight into the
mechanism and regulation of nuclear export might also be
relevant from a therapeutic point of view: Many of the reported
nucleocytoplasmic shuttle proteins are involved in signal
transduction events and cell cycle regulation (21). In addition,
export of unspliced and partially spliced HIV mRNA depends
on the Leucine-rich NES of the HIV Rev protein (22).

To date, many Leucine-rich NESs have been identified and
reported in the literature, but so far this information has not
been compiled into a database form. Many of the identified
Leucine-rich NESs deviate significantly from the generally
accepted loose consensus L-x(2,3)-[LIVFM]-x(2,3)-L-x-[LI]
proposed earlier (23). We have collected experimentally
determined Leucine-rich NESs in the NESbase 1.0 database
described in this paper.
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LEUCINE-RICH NES SEQUENCE MOTIFS

Leucine-rich NES signals consist of 4–5 hydrophobic residues
within a region of �10 amino acids. These hydrophobic
residues are predominantly Leucine, but may also be
Isoleucine, Valine, Methionine and Phenylalanine. A muta-
tional study of the PKI NES indicated that Leucines in the C-
terminal end of the signal are more important for function, than
the N-terminal Leucines (11). This is supported by a sequence
logo (24), in which the C-terminal hydrophobic residues are
seen clearly as the most conserved (Fig. 1). The logo indicates
that residues favoured in the region of the signal, other than
hydrophobic residues, are Glutamic acid and Aspartic acid.
Comparison of this sequence logo with the aforementioned
NES consensus L-x(2,3)-[LIVFM]-x(2,3)-L-x-[LI], indicates
that the consensus is insufficient to describe many NESs: Only
36% of the sequences used for the logo, actually fit that
consensus. This motivates the need to build a prediction
method, which we currently are constructing.

An example of the degree of conservation of a NES signal is
shown in Figure 2, where the NES regions of the tumor
suppressor p53 from 17 different species and the paralog p73
protein are aligned. The NES signal has been experimentally
verified in both human p53 and p73. Within the NES region (as
indicated by a box in the figure), besides a high degree of
conservation of hydrophobic residues, also acidic residues are
conserved both across species and between the p53 and p73
paralogs. In contrast, the conservation of a basic residue and an

Asparagine in the region are conserved between the p53
orthologs while not in p73, indicating this feature only to be of
importance to p53 specific function. The conservation of acidic
residues in the region is in good agreement with acidic residues
being slightly favoured in the NES region as illustrated in the
sequence logo (Fig. 1) and suggest a role for acidic residues in
nuclear export, although the position of these are not generally
conserved among NESs. A complete sequence analysis of the
NES conservation, will be published elsewhere.

DATA SOURCES

Since (NESs) are not annotated in the protein databases PIR
and SWISS-PROT, we collected the information entirely from
published literature. We screened over 200 published articles.

DATABASE FORMAT—VERSION 1.0

Version 1.0 of NESbase contains 75 entries with 80
experimentally determined NESs. An example of an entry is
shown in Figure 3. For each entry there is a description of
whether the NES was shown to be necessary and/or sufficient
for export, and whether the export pathway was shown to be
mediated by the CRM1 receptor. Information on steady-state
localization of the protein and regulation of export was
included, where information was readily available. Using
SWISS-PROT identifiers, we screened the database of NLSs,

Figure 1. An alignment of 58 high-quality NESs is shown in the form of Shannon information content (25) represented as sequence logos (24). Only those signals,
which were shown to be either necessary or sufficient, and for which the pathway was experimentally verified, were included. Alignment was performed by ClustalX
(26) over a window of 25 amino acids. The height of each column reflects the non-random bias of particular residues at that position, the size of each residue letter
reflecting its frequency at that position. The colour code is green for polar, black for hydrophobic, red for acidic and blue for basic amino acids.In the logo the
hydrophobic residues Leucine, Isoleucine, Methionine, Valine and Phenylalanine dominates the aligned signal. Also prominent are the Glutamic acid and
Aspartic acid residues. Only 36% of the sequences used for the logo fit the widely accepted NES consensus L-x(2,3)-[LIVFM]-x(2,3)-L-x-[LI].
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NLSdb, at http://cubic.bioc.columbia.edu/db/NLSdb/ for
NESbase entries. Surprisingly only 7 NESbase entries were
found to also contain an experimentally verified NLS, and 13
were found to contain what is described as a potential NLS.
This means that currently the overlap between NESbase and
NLSdb is small. NESbase 1.0 is cross-referenced to SWISS-
PROT (or TrEMBL), NLSdb and MEDLINE abstracts. The
Database features are described below:

NES-ACCESSION: NESbase accession code (e.g. NES-0001).

DATE: Dates for creation and update of entry.

PROTEIN: Protein description.

ORGANISM: Species name.

DB_REFERENCE: Sequence cross-reference to SWISS-
PROT, PIR, GenBank and NLSdb.

NECESSITY: Experimental evidence (if any), indicating that
the signal is necessary for export. Usually shown by deletion of
or mutations in the signal that greatly impairs or abrogates
export.

SUFFICIENCY: Experimental evidence (if any), indicating
that the signal is sufficient for export. Usually shown by the
ability of a peptide containing the NES, to mediate export of a
reporter protein.

PATHWAY: LMB-sensitivity and/or CRM1-dependency if
described.

STEADY STATE LOCATION: Nucleocytoplasmic shuttling
proteins are often predominantly localized to either nucleus or
cytoplasm at steady state. When readily available, information
of steady state localization is given in this field.

REGULATION: Export can be regulated, for instance, by a
change in phosphorylation state of the proteins or by protein–
protein interactions masking the NES signal. When readily
available, information about regulation is given in this field.

COMMENTS: Overall comments to indicate any other
important details.

REFERENCE(S): Literature reference(s) and MEDLINE links.

SEQUENCE: Sequence followed by an assignment field. The
assignment field reflects the experimental data described in the
necessity and sufficiency fields: (1) Point-mutations that greatly
impair export either alone or together are designated ‘M’. (2)
Sequence segments shown to mediate export of a truncated
parent protein or a reporter protein are designated ‘a’.

DATABASE ACCESS

NESbase is made available on the WWW at http://
www.cbs.dtu.dk/databases/NESbase/.

We encourage users to provide updates, corrections and new
information to the database, which will be accordingly updated
in order to provide as good data as possible. The WWW site
has a submission page. Unpublished information will be held
in confidence on request of the authors. We encourage users of
NESbase to cite this paper.
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