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Abstract

The best understood system for the transport of macromolecules between the cytoplasm and the
nucleus is the classical nuclear import pathway. In this pathway, a protein containing a classical
basic nuclear localization signal (NLS) is imported by a heterodimeric import receptor consisting
of the f-karyopherin importin g, which mediates interactions with the nuclear pore complex, and
the adaptor protein importin a, which directly binds the classical NLS. Here we review recent
studies that have advanced our understanding of this pathway and also take a bioinformatics
approach to analyze the likely prevalence of this system in vivo. Finally, we describe how a
predicted NLS within a protein of interest can be confirmed experimentally to be functionally
important.

In eukaryatic cells, the genetic material and transcriptional machinery of the nucleus are
separated from the translational machinery and metabolic systems of the cytoplasm by the
nuclear envelope. This segregation facilitates the precise regulation of cellular processes
such as gene expression (1), signal transduction (2), and cell cycle progression (3) through
selective regulation of bidirectional transport between the nucleus and the cytoplasm.
However, this physical separation also necessitates the existence of molecular machinery
that specifically recognizes cargo in one compartment, translocates it through the nuclear
pore, and releases it in the other compartment. Nuclear transport systems of this kind were
first proposed when a nuclear targeting signal in the simian virus 40 (SV40)2 large T antigen
was characterized more than 20 years ago (4, 5). Since then, several pathways for
nucleocytoplasmic transport have been described, of which the classical nuclear import
pathway is the best characterized. The integration of detailed structural information on the
components of the pathway, whole genome surveys, and extensive molecular analysis has
generated powerful insight into the crucial interactions that underlie this pathway. Here we
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review recent studies that have defined key aspects of the cargo/import receptor interaction
in the classical nuclear import cycle and present results of a bioinformatics-based
assessment of the likely prevalence of this system within the model eukaryotic organism,
Saccharomyces cerevisiae.

Overview of Nucleocytoplasmic Transport

Transport of macromolecules into and out of the nucleus occurs through large, proteinaceous
structures called nuclear pore complexes (NPCs) (6-9). Nuclear pore complexes allow
passive diffusion of ions and small proteins (<40 kDa) but restrict passage of larger
molecules to those containing an appropriate targeting signal (10, 11). The pores are
constructed from a class of proteins called “nucleoporins,” a subset of which contains a
tandem series of phenylalanine-glycine (FG) repeats that line the central transport channel of
the pore (8, 12-14).

The active transport of macromolecular cargo between the cytoplasmic and nuclear
compartments is facilitated by specific soluble carrier proteins. These carriers are
collectively referred to as “karyopherins” (15), with those involved in import and export
termed “importins” (16) and “exportins” (17), respectively. This distinction may be artificial
though, because in an ideal system, a transport factor would import one molecule, switch to
export mode, and return to the cytoplasm carrying a different cargo. For example, both
import and export cargos for the S. cerevisiae Msn5 receptor have been identified (18-22).
Many transport receptors are members of the importin g superfamily and are called
collectively “f-karyopherins.” Cargo proteins can bind directly to f~karyopherins; however,
in classical nuclear import, the interaction between the f~karyopherin and the cargo is
mediated by the adaptor molecule importin a. Recent modeling studies have shown that
addition of an adaptor to the system results in lower transport efficiency, but this feature also
may facilitate the formation of a higher nuclear cytoplasmic gradient (23).

The energy for nuclear transport is provided by the small Ras family GTPase, Ran (24). Like
other GTPases (25), Ran cycles between a GTP- and a GDP-bound state. The nucleotide
state of Ran is modulated by regulatory proteins, primarily the Ran guanine nucleotide
exchange factor (RanGEF) in the nucleus and the Ran GTPase-activating protein (RanGAP)
in the cytoplasm (26-29). Because these key regulatory factors are compartmentalized, the
different forms of Ran are asymmetrically distributed in the cell, with RanGTP enriched in
the nucleus and RanGDP enriched in the cytoplasm (30, 31). This compartmentalization
allows Ran to impart directionality to nuclear transport by acting as a molecular switch that
controls the binding and release of cargo. Therefore, import receptors bind cargo in the
cytoplasm in the absence of RanGTP and release cargo in the nucleus upon RanGTP binding
to the complex. In contrast, export receptors bind cargo in the nucleus in complex with
RanGTP with hydrolysis to GDP in the cytoplasm triggering dissociation.

Classical Nuclear Import Cycle

The best understood pathway of nucleocytoplasmic transport is the classical nuclear import
pathway (Fig. 1). Here, importin a recognizes and binds cargo in the cytoplasm, linking it to
the fkaryopherin, importin £ (32). Importin Sthen mediates interaction of the trimeric
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complex with the nuclear pore as it translocates into the nucleus. Once the import complex
reaches the nucleus, it is dissociated by RanGTP. Binding of RanGTP to importin /5 causes a
conformational change that results in the release of the importin a-cargo complex (33). An
autoinhibitory region on the importin f-binding (IBB) domain of importin « (34, 35), the
nucleoporin Nup2 (Nup50 or Npap60 in vertebrates) (36—38), and the export receptor for
importin o, Csel/RanGTP (CAS/RanGTP in vertebrates) (39) then work together to deliver
the cargo into the nucleus. Finally, Cse1l/RanGTP recycles importin a back to the cytoplasm
in preparation for another round of import (40, 41).

Classical Nuclear Localization Signal

The first step of nuclear import occurs when an importin discriminates between its cargo and
other cellular proteins. Proteins destined for transport into the nucleus contain amino acid
targeting sequences called nuclear localization signals (NLSs). The best characterized
transport signal is the classical NLS (cNLS) for nuclear protein import, which consists of
either one (monopartite) or two (bipartite) stretches of basic amino acids (4, 42, 43).
Monopartite cNLSs are exemplified by the SV40 large T antigen NLS (126PKKKRRV132)
and bipartite cNLSs are exemplified by the nucleoplasmin NLS
(155KRPAATKKAGQAKKKK9). Consecutive residues from the N-terminal lysine of the
monopartite NLS are referred to as P1, P2, etc. Structural (44, 45) and thermodynamic (46)
studies have identified many of the key requirements for a cNLS. These studies show that a
monopartite cNLS requires a lysine in the P1 position, followed by basic residues in
positions P2 and P4 to yield a loose consensus sequence of K(K/R)X(K/R). Additionally,
through alanine scanning of the Myc, monopartite SVV40, and artificial bipartite S\V40
cNLSs, it was found that the binding affinity of a cNLS for importin a measured in vitro
correlates with the steady state nuclear accumulation and import rate of the corresponding
cNLS cargo in vivo (46, 47). These data establish boundaries for the binding capacity of a
cNLS, where a functional cNLS has a binding constant of ~10 nM for importin a. Non-
functional near-cNLS sequences either bind importin « too weakly to be effectively
imported or too tightly to be efficiently released from the receptor in the nucleus, although
karyopherin release factors such as Nup2 and Csel can aid in this cargo release step (36-39,
48). Recent computer simulations also indicate that the import rate of cNLS cargo depends
strongly on the rate of formation of the import complex (23). Therefore, the import and
accumulation of cNLS cargo in the nucleus is affected by both the affinity of the cNLS
cargo for importin « and by the concentration of the importin « receptor itself (23, 47). This
relationship is also characteristic of other NLS cargo/receptor interactions (49).

Importin a/cNLS Interaction

The molecular basis for recognition of a cNLS by importin « has been defined using x-ray
crystallography techniques (44, 45, 50, 51). These structural studies reveal that importin a is
composed of a large curved domain consisting of ten armadillo (ARM) motifs, each of
which is constructed from three a-helices (Fig. 2A), and a flexible N-terminal domain (the
IBB domain) required for both binding to importin £ (32) and cargo dissociation (34, 52,
53). The regular sequence of ARM repeats generates a gently curving, elongated molecule
where the major and minor cNLS-binding sites are located within a shallow groove on the
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concave face. Both pockets are formed by solvent-exposed, conserved tryptophans together
with a set of invariant asparagines four residues downstream (34, 50). The major pocket,
which lies nearer the N terminus, binds monopartite cNLSs and the larger stretch of basic
residues in bipartite cNLSs. The minor pocket is more C-terminal and binds the smaller
stretch of basic residues in bipartite cNLSs. cNLS motifs bind to the NLS-binding pockets in
an extended conformation with their main chains running anti-parallel to the direction of the
importin « chain. The key cNLS lysine side chains then lie between the stacked hydrophobic
indole side chains of the conserved tryptophans and form salt bridges with negatively
charged residues lining the binding groove, whereas the asparagines make key main chain
contacts (34, 50).

This characteristic binding mechanism, which is found for importin a with each of its cNLS-
bearing cargos (34, 50), allows an autoinhibitory region within importin « to specifically
compete for binding with all cNLSs, contributing to the delivery of cNLS cargo in the
nucleus (Fig. 2B). This autoinhibitory sequence consists of KRR residues within the N-
terminal domain of importin « (35, 53) that mimic the basic cNLS. Upon entry of the
trimeric import complex into the nucleus, the N-terminal domain of importin « is released
by importin £, freeing it to fold over and interact with the major cNLS-binding pocket on the
body of importin « (34, 50, 51). Because both monopartite and bipartite cNLSs bind to the
major pocket, the autoinhibitory region affects the binding affinity of both types of cNLS,
preventing re-binding and, therefore, facilitating the release of cNLS cargo within the
nucleus.

How Common Is cNLS Import?

The classical NLS is often thought of as the prototypical NLS. It was the first NLS to be
characterized, and as such, many examples of proteins using the classical import pathway
have been characterized. Because of the surfeit of known cNLS-containing proteins, many
have assumed that this pathway is the most prevalent in the cell; however, no studies have
established empirically the proportion of cargos imported via this mechanism. It is possible
that other pathways account for a large amount of nuclear traffic and that examples are
lacking simply because the methods for quick and easy identification of non-classical NLSs
are lacking. To address this issue, we have taken advantage of the well annotated S.
cerevisiae genome and known consensus sequences for monopartite and bipartite cNLSs to
estimate the prevalence of classical NLSs.

For this analysis, the search algorithm from PSORT Il (54) for monopartite cNLSs and
bipartite cNLSs was used to query three sets of data. First, we examined the known yeast
proteome represented by the 5850 proteins in the S cerevisiae GenBank™ (55) to identify
the fraction of yeast proteins predicted to contain a cNLS and, hence, which have the
potential to enter the nucleus via the classical import pathway. Second, we analyzed the
1515 proteins localized to either the nucleus or the nucleolus in a comprehensive subcellular
localization study that was performed with a global yeast GFP-fusion library (56). We
reasoned that these proteins were targeted to the nucleus by some nuclear import pathway
and that a fraction probably used classical nuclear import. Third, we analyzed the 224
proteins that interact with importin « according to the BioGRID data base (57), because
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proteins that contain functional cNLSs should interact with importin a. Given that the
bipartite consensus sequence consists of the monopartite consensus sequence plus a linker
and upstream basic residues, all proteins that contain a putative bipartite sequence also, by
definition, contain a monopartite consensus sequence. To eliminate overlap, proteins
containing a bipartite cNLS were removed from the monopartite tally.

The complete results of this analysis are available in Table 1 of the supplementary data and
are summarized in Fig. 3. In the GenBank™ set of 5850 proteins, 968 (16.5%) proteins
contain a predicted bipartite cNLS, and 1671 (28.6%) contain a predicted monopartite
cNLS. This result suggests that classical nuclear import may indeed be as important as the
name implies because about 45% of the proteins in the cell have the potential to enter the
nucleus via the classical nuclear import pathway. This is a sizeable proportion, especially
because only 25.8% of proteins localize to the nucleus at steady state when chromosomally
tagged with GFP (56). Of the 1515 proteins that have been localized to the nucleus in the
global GFP screen, 391 (25.8%) contain a putative bipartite cNLS and 468 (30.9%) contain
a putative monopartite cNLS. Therefore, about 57% of steady-state nuclear proteins are
predicted to use classical nuclear import, whereas about 43% may use other mechanisms to
enter the nucleus. In the set of 224 proteins that interact with importin a, 49 (21.9%) contain
a predicted bipartite cNLS and 61 (27.2%) contain a predicted monopartite cNLS, meaning
that about one-half do not contain predicted cNLSs. At first, this number seems surprisingly
high because cNLSs are conventionally thought to mediate interactions with importin a;
however, many of the interactions in the BioGRID data base are genetic in nature and do not
require or even necessarily imply a direct physical interaction. In addition, many proteins
that interact with importin a in non-cargo roles are included, such as importin S (the import
partner for importin @) and Csel (the export factor for importin @), which interact with
importin «a through non-NLS-mediated interfaces (39, 58). The current definition of a cNLS
also may need refining, because some of these proteins may contain cNLSs and utilize
traditional importin a-mediated import but escape recognition by the standard algorithm.
For example, the primary sequence of the STAT1 (signal transducers and activators of
transcription 1) protein does not contain a functional classical targeting sequence; however,
upon dimerization, each subunit contributes basic residues that form a cNLS recognized by
importin «a (59). Although a large fraction of the proteins examined in these three data bases
show evidence for import by the classical system, our analysis collectively indicates that
alternative nuclear localization mechanisms also are likely to be prevalent. Thus, further
studies and novel experimental approaches will be necessary to fully explore these
additional systems.

Demonstrating That an NLS Is Functional in Vivo

These consensus sequence algorithms and bioinformatics approaches are valuable for
predicting putative cNLS motifs because they can suggest potential pathways of import and
provide a starting point for establishing how a protein of interest enters the nucleus.
Importantly, they provide a quick portal into the world of nuclear transport by facilitating
the inquiries of researchers interested in the import mechanism of their favorite protein.
However, they can only suggest probable residues that may constitute a cNLS. Before a
putative cNLS can be deemed a functional targeting sequence, it must meet four criteria
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(60). First, the sequence must be necessary for import, meaning that transport of the protein
of interest into the nucleus is dramatically hindered when the sequence is deleted or,
preferably, altered. The most common approach to test whether a sequence is necessary is to
mutate one or often more of the consensus residues to alanine and determine whether the
nuclear localization of the protein decreases. Second, the sequence must be sufficient to
target an unrelated protein to the nucleus. Typically, the suspected sequence is fused to the
terminus of GFP that most closely mimics the native location of the cNLS in the protein of
interest and the location of the reporter protein is assessed visually. Third, the protein of
interest must directly interact with its putative import receptor, and this interaction must be
mediated by the identified sequence. The best way to address this particular question is to
perform direct in vitro binding experiments with purified proteins in the presence of either
RanGDP or RanGTP. Import complexes are dissociated by RanGTP; therefore, in these
binding assays, the protein of interest should interact with its import receptor in the presence
of RanGDP but not in the presence of RanGTP. Fourth, to determine which import pathway
the protein of interest utilizes in vivo, it should be demonstrated that disabling the nuclear
transport machinery in question disrupts import of the protein. For example, in S. cerevisiae,
the localization of the protein of interest could be assessed at the restrictive temperature in a
strain containing a temperature-sensitive allele of the essential gene encoding either importin
a or importin £ Unfortunately, testing the import pathway is much more complicated in
non-yeast systems because specific inhibitors of nuclear import have not yet been
developed. After a putative sequence has met these requirements, then it may be deemed a
functional NLS for the protein of interest. However, it is important to note that a specific
protein may have more than one nuclear targeting sequence that may be used by different
pathways or respond to different types of signals, highlighting the complexity and intricacy
of nuclear transport in vivo.

Conclusions

In this review, we have dissected the recognition of classical NLS cargo in detail by
analyzing the consensus sequence of a cNLS and the details of how it interacts with its
import receptor, importin a. We have also assessed the prevalence of the classical nuclear
import system in the cell by determining the fraction of proteins that contain a predicted
cNLS. However, binding cargo is only the first step in an extremely complex and
complicated cycle. Several recent studies have shed light on many of the other steps of
classical import such as the cargo release step, where the structure of importin a with the
karyopherin release factor Nup2 has been solved (37, 38), and importin a recycling, where
the structure of importin a with its export receptor Csel has been deciphered (39). Future
studies will focus on illuminating one of the enduring mysteries of transport, the
translocation of cargo through the nuclear pore. Additionally, although a great deal is
understood about the classical nuclear import pathway, very little is known about the details
of other f-karyopherin-mediated transport pathways. Lee et al. (61) have begun to address
this question and have recently proposed rules for NLS recognition by karyopherin 52 (also
known as transportin). Thorough analogous structural studies complemented with
bioinformatics analyses similar to the one performed here should facilitate the identification
of the mechanism of interaction between other non-classical NLSs and their receptors,
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allowing development of a more comprehensive understanding of nucleocytoplasmic
transport in vivo.
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FIGURE 1. Theclassical nuclear import cycle
In the cytoplasm, cargo containing a cNLS is bound by the heterodimeric import receptor,

importin a/importin (32). Importin a recognizes the cNLS, and importin S mediates
interactions with the nuclear pore during translocation. Once inside the nucleus, RanGTP
binding causes a conformational change in importin £, which releases the IBB region of
importin «. This autoinhibitory domain, together with Nup2 and Csel, facilitates cNLS
dissociation and delivery of the cNLS cargo in the nucleus (35, 36). Finally, importin « is
recycled back to the cytoplasm by the export receptor, Csel, in complex with RanGTP (40,
41).
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FIGURE 2.
A, the importin a/cNLS interaction. cNLS peptides bound to the major and minor binding

pockets of S. cerevisiae importin a lacking the IBB domain (Protein Data Bank entry 1BK6)
(50). Importin Aamino acids 88-530) is shown in orange. Two SV40 peptides bound to the
major and minor binding pockets are shown in yellow. B, regulation of cNLS cargo binding
to importin a. In the cytoplasm, importin Zis bound to the flexible autoinhibitory domain of
importin a, sequestering it from the NLS-binding pocket and allowing cNLSs to bind to
importin a with high affinity. Once in the nucleus, RanGTP binding to importin /5 causes a
conformational change that releases the autoinhibitory domain, which can then compete for
binding to the NLS-binding pocket. This competition contributes to a low affinity of the
cNLS for importin « in the nucleus, facilitating cNLS cargo delivery.
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Importin Alpha

Predicted NLS'| Genome? Nuclear® Interactors®
Bipartite 968 16.5% 391 25.8% R 21.9%
Monopartite 1671 28.6% 468 30.9% 61 27.2%
None 3211 54.9% 656 43.3% 114 50.9%
Total 5850 100.0%| 1515 100.0%| 224 100.0%

FIGURE 3. The prevalence of classical nuclear import
The PSORT Il algorithm for monopartite and bipartite cNLSs was used to query three data

sets: the 5850 proteins in the S cerevisiae GenBank™ (Genome) (55), the 1515 proteins
localized to either the nucleus or the nucleolus in the global yeast GFP-fusion library
(Nuclear, green) (56), and the 224 proteins that interact with importin « according to the
BioGRID data base (Importin Alpha Interactors, red) (57). The Venn diagram indicates the
number of proteins from each data set with no predicted cNLS (left circle) or with a
monopartite or bipartite cNLS (right circle). The corresponding percentages are listed in the
table below.
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