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Abstract
Nuclear localization signals (NLSs) are amino acid sequences that target cargo proteins into the
nucleus. Rigorous characterization of NLS motifs is essential to understanding and predicting
pathways for nuclear import. The best-characterized NLS is the classical NLS (cNLS), which is
recognized by the cNLS receptor, importin-α. cNLSs are conventionally defined as having one
(monopartite) or two clusters of basic amino acids separated by a 9-12 amino acid linker
(bipartite). Motivated by the finding that Ty1 integrase, which contains an unconventional putative
bipartite cNLS with a 29 amino acid linker, exploits the classical nuclear import machinery, we
assessed the functional boundaries for linker length within a bipartite cNLS. We confirmed that
the integrase cNLS is a bona fide bipartite cNLS, then carried out a systematic analysis of linker
length in an obligate bipartite cNLS cargo, which revealed that some linkers longer than
conventionally defined can function in nuclear import. Linker function is dependent on the
sequence and likely the inherent flexibility of the linker. Subsequently, we interrogated the
Saccharomyces cerevisiae proteome to identify cellular proteins containing putative long bipartite
cNLSs. We experimentally confirmed that Rrp4 contains a bipartite cNLS with a 25 amino acid
linker. Our studies reveal that the traditional definition of bipartite cNLSs is too restrictive and
linker length can vary depending on amino acid composition
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A hallmark of the eukaryotic cell is the physical separation of the genetic material and
associated proteins in the nucleus from the translational machinery in the cytoplasm. The
division of the nuclear and cytoplasmic compartments by the nuclear envelope necessitates a
mechanism by which proteins and other macromolecules can move into and out of the
nucleus as is required for cellular processes. This macromolecular transport occurs through
large, proteinaceous structures that perforate the nuclear envelope called nuclear pore
complexes (NPCs) (1-4). NPCs permit passive diffusion of small molecules, but proteins
over ~40 kDa undergo active receptor-mediated transport to enter the nucleus (5).
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Nuclear transport receptors recognize diverse targeting signals within macromolecular
cargoes to mediate transport. A large family of transport receptors, termed the karyopherin-β
(kapβ) family, is responsible for most active protein transport through NPCs (6). In general,
kapβ receptors recognize and specifically bind to a set of sequences called nuclear
localization signals (NLSs) within the primary structure of cargo proteins (7). Following
binding of the NLS by a kapβ receptor, kapβ transiently interacts with components of the
NPC called nucleoporins to mediate translocation into the nucleus (8). Although the
majority of nuclear import occurs via direct binding of a kapβ receptor to a cargo protein,
the best-studied system for protein import is the classical protein nuclear import pathway,
which requires an adaptor protein, importin-α, to recognize and bind to a specific class of
NLS motifs, termed classical NLSs (cNLSs). Importin-α escorts the cargo into the nucleus
in complex with the kapβ family member, importin-β. Once inside the nucleus, importin-β is
bound by a small GTPase, RanGTP, which causes a conformational change within importin-
β, resulting in dissociation of the import complex and release of the cargo protein in the
nucleus (9).

Classical NLS motifs are defined as either monopartite, consisting of a single stretch of
basic amino acids, or bipartite, consisting of two stretches of basic amino acids separated by
a linker region (10-12). The simian virus 40 (SV40) T-antigen NLS (126PKKKRKV132) is
the canonical monopartite cNLS. Co-crystal structures of importin-α and monopartite SV40
cNLS peptides reveal that monopartite cNLSs bind in an extended conformation along a
major binding pocket of importin-α (13,14). Furthermore, functional studies of this cNLS
reveal that the lysine in the third position (underlined above) is critical for productive
nuclear targeting of the SV40 NLS (15,16). The best-studied bipartite cNLS is found in the
Xenopus laevis protein, nucleoplasmin (150KRPAATKKAGQAKKK170) (12,17). In a
bipartite cNLS, upstream basic residues bind to a minor binding pocket on importin-α and a
downstream monopartite-like sequence within the cNLS interacts with the major binding
pocket (13,14,18,19). Structural studies of mouse importin-α co-crystallized with bipartite
cNLS peptides show that the region between the major and minor binding pockets of
importin-α can make contacts with both the backbone and the side chains of the amino acids
in the bipartite cNLS linker (20).

The linker of the bipartite cNLS has traditionally been limited to ten amino acids based on
historical characterization of the nucleoplasmin cNLS (12,17) and, importantly, freely
available NLS prediction programs such as PSORT II and PredictNLS restrict the bipartite
linker to between 9 and 12 residues (21,22). Bipartite cNLSs with linkers as long as twelve
residues can bind to importin-α in vitro (20) and studies of artificial peptide-based nuclear
targeting signals have revealed atypical longer sequences that may contain linkers of up to
20 amino acids (23). Bipartite cNLSs with much longer linkers have also been proposed in
cellular proteins such as Smad4 (24) and topoisomerase II (25), though no rigorous studies
have shown that these sequences are true bipartite cNLSs that mediate import in vivo.
Furthermore, the Ty1 integrase protein, an essential protein of the Ty1 retrotransposon in the
yeast Saccharomyces cerevisiae, contains an unconventional putative bipartite cNLS at its
C-terminus (26,27). The proposed bipartite cNLS of integrase contains two lysine-lysine-
arginine (KKR) motifs, termed basic region 1 and 2 (BR1 and BR2) separated by a 29 amino
acid linker (see Figure 1A). Nuclear import of Ty1 integrase is dependent upon the classical
import receptor, importin-α (28); however, the mechanism by which the integrase cNLS
interacts with importin-α has not been defined.

The presence of a 29 amino acid linker within the Ty1 integrase cNLS raises the question of
whether the integrase cNLS sequence constitutes a bona fide bipartite cNLS motif or
whether the two basic regions function as two independent monopartite signals. To address
this question, we examined mutants of integrase cNLS BR1 and BR2. In addition, we took
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advantage of an artificial obligate bipartite cNLS (bpSV40 T3 NLS) to independently
analyze the 29 amino acid linker of the integrase cNLS. Taken together with previous
studies (26,29), our results reveal that the integrase cNLS is, in fact, a classical bipartite
NLS with an unconventionally long linker sequence.

Based on the finding that the integrase cNLS contains a functional linker region that is
nearly three times longer than the conventional definition for cNLSs, we sought to
reevaluate the current consensus sequence for classical bipartite NLS motifs. To this end, we
manipulated the length of the linker region between the basic amino acid regions of the
artificial bpSV40 T3 NLS to investigate the effect of linker length on nuclear targeting of
bipartite cNLS sequences via importin-α. We then queried the S. cerevisiae proteome using
an expanded version of the PSORT II algorithm (21) for bipartite cNLSs to identify
candidate cargoes that contain putative long bipartite cNLS motifs. Through a preliminary
study of several candidate proteins, we demonstrated that Rrp4, a subunit of the exosome
(30) contains a classical bipartite NLS motif with a linker length of 25 amino acids that is
both necessary and sufficient for importin-α-mediated import in vivo. Taken together, these
findings suggest that the function of the linker region within a classical bipartite NLS is
sequence specific and that the cNLS consensus should be expanded to include a linker
region consisting of up to 29 amino acids. This revision of the cNLS definition greatly
increases the pool of potential bipartite cNLS-bearing cargo proteins.

Results
Functional analysis of the putative bipartite cNLS within Ty1 integrase

The Ty1 integrase cNLS, which interacts with and depends on the classical protein nuclear
import machinery (importin-α/β) to access the nucleus (28), has been proposed to function
through a bipartite mechanism despite its exceptionally long linker region (26,29). Previous
studies have shown that amino acid substitutions within BR1 and BR2 (KKK→GGG) of
integrase individually do not result in a complete loss of nuclear accumulation, which
suggests that the integrase cNLS may function as two individual monopartite cNLS motifs
(26). However, due to the single proton R-group on glycine residues, it is difficult to
determine if the observed localization defect is due to an alteration of the NLS sequence
itself or an overall structural change caused by the glycine residue substitutions.

To examine whether the two basic regions in Ty1 integrase constitute a bipartite cNLS, we
exploited a previously characterized GFP-GFP fusion to the integrase cNLS region (amino
acids 595-630) termed GFP2-IN NLS (28) and localized various GFP2-IN NLS reporter
plasmids containing alanine substitutions at both BR1 and BR2 (Figure 1A and 1B).
Simultaneous amino acid substitution within both BR1 and BR2 (GFP2-IN NLSbr1br2)
caused a total loss of nuclear localization of the reporter. Amino acid substitutions within
BR1 or BR2 that create either GFP2-IN NLSBR1br2 or GFP2-IN NLSbr1BR2, respectively,
caused mislocalization of the GFP2-IN NLS reporter to the cytoplasm; however, some
nuclear signal remained.

To assess the functional consequences of changing each BR sequence, we performed a
previously described retrotransposition assay (31). Alanine substitutions within integrase
BR1 and BR2 each severely compromised Ty1 retrotransposition (Figure 1C), consistent
with previous studies where basic residues were changed to glycine (26,29). Taken together
with localization studies, our data suggest that both BR1 and BR2 are necessary for wildtype
levels of retrotransposition. In addition, although BR1 and BR2 might have the capacity to
function as weak individual cNLS motifs, our data support a model where the integrase
cNLS functions as a bipartite cNLS sequence with a 29 amino acid linker region since the
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presence of both BR regions is required for significant levels of both nuclear import and
retrotransposition.

Expanding the classical bipartite NLS linker
This analysis suggests that the Ty1 retrotransposon integrase protein contains a bipartite
cNLS with an unconventionally long 29 amino acid linker. To more generally investigate
the boundaries of the length of bipartite cNLS linker sequences as compared to the
established consensus linker length of 9-12 amino acids (21,22), we created a series of GFP2
reporter proteins with variable linker lengths. For these experiments, it was critical to
employ a reporter that is dependent on both regions of basic amino acids and, hence, a
bipartite mode of binding to importin-α for nuclear import. Therefore, we took advantage of
a modified version of the artificial bpSV40 NLS sequence (bpSV40 T3 NLS), which
contains a lysine to threonine amino acid substitution (underlined) in the second cluster of
amino acids (KRTADGSEFESPKTKRKV) (15,16). As a monopartite signal, the modified
PKTKRKV motif does not interact with importin-α with sufficient affinity (KD ~3000 nM)
to mediate efficient nuclear import; however, with the addition of the upstream KR motif,
the bpSV40 T3 NLS binds tightly to importin-α in vitro (KD ~13.5 nM) and efficiently
localizes a reporter to the nucleus in vivo (15,32). The bpSV40 T3 NLS provides a tool that
can be used to study variation within the linker region of a bipartite cNLS sequence while
ensuring that all nuclear import that occurs is mediated through an importin-α-dependent
bipartite mechanism.

GFP2 reporter proteins that contain bipartite cNLS motifs with artificial linkers of 8, 10, 13,
15, 20, or 30 amino acids were localized in wildtype cells by direct fluorescence microscopy
(Figure 2A). The sequences of the linker regions within this series of reporters (Table 1)
were derived from the artificial linker region within bpSV40, which has been previously
studied both in vivo and in vitro (15, 32). As expected, the bpSV40 T3 NLS-GFP2 reporter
with a wildtype linker of 10 amino acids, bpSV40 T3 NLS (10 aa), was predominantly
localized to the nucleus. The bpSV40 T3 NLS (8 aa) and (13 aa) reporters were also
primarily nuclear. The bpSV40 T3 NLS (15 aa) reporter showed slightly more cytoplasmic
signal than the bpSV40 T3 NLS (13 aa) reporter. The bpSV40 T3 NLS (20 aa) reporter had
some nuclear accumulation with a strong cytoplasmic signal and the bpSV40 T3 NLS (30
aa) reporter showed virtually no nuclear concentration. These data suggest that classical
bipartite NLS motifs with this artificial linker sequence ranging from 8 to at least 20 amino
acids can mediate nuclear import in vivo.

To verify that the bpSV40 T3 NLS-GFP2 reporter proteins are imported by the classical,
importin-α-mediated, nuclear protein import system, these reporter proteins were localized
in a mutant of importin-α, srp1-54, which mislocalizes importin-α-dependent cargoes
(Figure 2B) (33, 34). All of the bpSV40 T3 NLS-GFP2 linker variants displayed an increase
in cytoplasmic localization in the srp1-54 cells as compared to wildtype cells. As a control,
Nab2, a protein which uses a pathway independent of importin-α for nuclear import (35),
remained nuclear. These data confirm that import of the bpSV40 T3 NLS reporters is
dependent on the classical nuclear import machinery.

The linker region of bipartite cNLSs can make contact with importin-α (20) and the amino
acid composition of the linker region can affect import of cNLS-containing cargo proteins
(23). To verify that functional longer cNLS linkers are not limited to a single sequence, we
created two additional series of GFP2 reporter proteins that contain either a flexible and
energetically stable linker, consisting of a serine/glycine repeat (36,37) or a more rigid and
charge neutral linker, consisting of repeating alanine residues (38). Each series of reporters
was then localized in wildtype cells (Figures 2C and 2D). The bpSV40 T3 NLS-GFP2
reporters with serine/glycine linkers yielded similar results to the artificial bpSV40 T3 linker
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(compare Figure 2A and 2C). Both series of reporters showed the most nuclear localization
with a 10 aa linker, with more cytoplasmic localization as the linker length approached 20 aa
until the reporter containing the 30 aa linker showed virtually no nuclear concentration.
However, the bpSV40 T3 NLS-GFP2 reporters with the inflexible alanine linkers showed
significant nuclear localization with linkers of 8 aa and 10 aa and only slight nuclear
localization with linkers of 12 aa and 13 aa. All alanine linker reporters with linkers longer
than 13 aa were not concentrated to the nucleus. These results strongly suggest that the
flexibility of the linker is critical, particularly for linkers longer than the conventional length.

The integrase cNLS linker region can contribute to a long classical bipartite NLS motif
The bpSV40 T3 NLS-GFP2 fusion proteins with artificial linker sequences or serine/glycine
linker sequences showed steady-state nuclear localization only when the linker length is
between 8 and 20 amino acids; however, in Figure 1, we provided evidence that the
integrase cNLS functions as a bipartite cNLS even though it contains a 29 aa linker region.
To examine whether the linker region from the integrase cNLS can contribute to the nuclear
localization of the obligate bipartite cNLS reporter, we inserted the 29 aa integrase linker or
a variant of the integrase linker (mutIN) containing four amino acid substitutions (E601Q/
D602N/E604Q/E606Q), which have previously been shown to prevent nuclear accumulation
of integrase (26), into the bpSV40 T3 NLS-GFP2 reporter (Table 1) and localized the
reporter proteins in wildtype cells (Figure 3A). Despite the exceptionally long 29 amino acid
linker, the bpSV40 T3 NLS-GFP2 (IN) reporter localized exclusively to the nucleus. The
bpSV40 T3 NLS-GFP2 reporter containing the mutIN linker showed increased cytoplasmic
localization as compared to the reporter containing the wildtype linker. As expected, the
bpSV40 T3 NLS-GFP2 (10 aa) reporter localized primarily to the nucleus, while GFP2 and
the bpSV40 T3 NLS-GFP2 (30 aa) reporter localized throughout the cell. These data reveal
that the 29 aa integrase linker can function in the context of a bipartite cNLS and provide
further evidence that the specific sequence within the linker is important for function.

To ensure that the nuclear accumulation observed with the bpSV40 T3 NLS (IN) reporter
depends upon importin-α, the localization of bpSV40 T3 NLS-GFP2 (10 aa), bpSV40 T3
NLS-GFP2 (IN), or control Nab2-GFP was examined by direct fluorescence microscopy in
srp1-54 cells (Figure 3B). Both the bpSV40 T3 NLS-GFP2 (10 aa) and the bpSV40 T3
NLS-GFP2 (IN) reporters showed a dramatic reduction in nuclear localization as compared
to wildtype cells, while Nab2, a control protein imported into the nucleus in an importin-α-
independent manner (35), remained nuclear.

To confirm that the bpSV40 T3 NLS containing the 29 aa integrase cNLS linker binds
directly to importin-α, we used a quantitative solid phase plate binding assay (39). We
assayed binding between a truncated form of importin-α (ΔIBB) and purified recombinant
bpSV40 T3 NLS-GFP protein containing the artificial 10 amino acid linker (10 aa), the long
30 amino acid linker (30 aa), or the linker from Ty1 integrase (IN). ΔIBB-importin-α lacks
the N-terminal importin-β binding (IBB) domain, which is auto-inhibitory and competes
with cNLS-containing cargoes for binding to the cNLS-binding pockets of importin-α (40).
Therefore, ΔIBB-importin-α simulates the state of importin-α while in an import complex
where the IBB domain is sequestered away from the cNLS-binding pockets by importin-α,
allowing cNLS-containing proteins to interact with the binding pockets on importin-α. As
shown in Figure 4 and Table 2, bpSV40 T3 NLS-GFP (IN) bound importin-α with a binding
affinity of ~25 nM and bpSV40 T3 NLS-GFP (10 aa) bound importin-α with a similar
binding affinity of ~27 nM. No interaction was detected between either GFP alone or
bpSV40 T3 NLS-GFP (30 aa) and importin-α, which is consistent with the observation that
an obligate bipartite cNLS containing this artificial 30 aa linker cannot target cargo to the
nucleus.
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Together, these data confirm that the atypically long linker within the integrase cNLS can
function as part of a classical bipartite NLS. Therefore, not only can the linker region of
bipartite cNLSs vary from the canonical 9-12 amino acids, but the sequence of the linker
region can also influence the ability of the cNLS to function and interact with importin-α
since the 29 aa sequence from integrase functions significantly more efficiently than the 30
aa artificial linker (see Table 1).

Candidate bipartite cNLS-containing proteins in the S. cerevisiae proteome
The finding that classical bipartite NLS motifs with linker lengths other than the
conventional 9-12 amino acids can both function in vivo and mediate high affinity binding to
importin-α has the potential to greatly expand the pool of cargo proteins that could be
targeted to the nucleus by a bipartite cNLS mechanism. Putative bipartite cNLS-cargoes
currently are predicted to represent about 16.5% of the budding yeast proteome (41). To
assess how expanding the definition of the bipartite cNLS impacts the number of putative
cargoes that could enter the nucleus via the classical import pathway, the PSORT II
algorithm for classical bipartite NLS motifs (21) was modified to include linker lengths
ranging from 8 to 30 residues. The revised prediction of new putative bipartite cargoes in the
S. cerevisiae proteome is presented in Table 3. This updated predicted prevalence of
classical bipartite-mediated nuclear import is likely greatly overestimated since an
individual protein may contain more than one length of bipartite cNLS and, therefore, be
present in multiple categories. However, this analysis provides a library of candidate
proteins that contain putative bipartite cNLS motifs with extended linker regions for further
investigation. Each of these putative bipartite cNLS sequences with an atypical linker must
be experimentally evaluated before it can be deemed a functional targeting sequence. To
identify those proteins most likely to contain an atypical bipartite cNLS motif, we searched
our library for putative bipartite-containing proteins that interact with importin-α according
to the BioGRID database (42) and that are localized at steady-state to the nucleus or
nucleolus according to a comprehensive subcellular localization study performed with a
global yeast GFP-fusion library (43). Candidate cargoes that emerged from this search are
presented in Supplemental Data, Table S1.

The candidate proteins chosen for further analysis (Csl4, Rrp4, and Mft1) contain exactly
one possible long bipartite cNLS and have linker regions of 16 (Csl4), 25 (Rrp4), and 28
(Mft1) amino acids (Table 4). To ensure that the candidate proteins show steady-state
nuclear localization, we examined the localization of each protein as an integrated C-
terminal GFP fusion protein (Figure 5A). As reported (43), Csl4, Rrp4, and Mft1 are
primarily localized to the nucleus in wildtype cells.

The predicted Rrp4 and Mft1 cNLSs are sufficient for importin-α-mediated nuclear import
To determine if the putative bipartite cNLS motifs in Csl4, Rrp4, and Mft1 are sufficient for
nuclear import, GFP2-reporters were created that contain each of the potential targeting
sequences (Csl4 aa 97-125, Rrp4 aa 111-159, or Mft1 aa 244-283) and were localized in
both wildtype and srp1-54 cells (Figure 5B). Csl4 NLS-GFP2 localized to the cytoplasm in
both wildtype and srp1-54 cells. GFP2-Rrp4 NLS showed some nuclear accumulation in
wildtype cells and was more cytoplasmic in srp1-54 cells. Mft1 NLS-GFP2 mainly localized
to the nucleus in wildtype cells and was more cytoplasmic in srp1-54 cells. As controls,
bpSV40 T3 NLS-GFP2 (10 aa) and Nab2-GFP were both localized to the nucleus in
wildtype cells, but only bpSV40 T3 NLS-GFP2 (10 aa) became more cytoplasmic when
examined in srp1-54 cells. These results show that both the Rrp4 and Mft1 predicted cNLS
motifs are sufficient to mediate importin-α-mediated nuclear import in vivo.
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To determine if the predicted bipartite cNLS linkers within Rrp4 and Mft1 can contribute to
a functional bipartite cNLS sequence, we created bpSV40 T3 NLS-GFP2 reporters
containing the putative linkers from these two proteins (Table 4). Localization of these
bpSV40 T3 NLS-GFP2 reporters was analyzed in wildtype cells by direct fluorescence
microscopy (Figure 6A). Wildtype cells expressing bpSV40 T3 NLS-GFP2 (Rrp4), which
contains a 25 aa linker, displayed a low level of nuclear accumulation of the reporter. In
contrast, the bpSV40 T3 NLS-GFP2 (Mft1) reporter did not localize to the nucleus. As
controls, the bpSV40 T3 NLS-GFP2 (10 aa) and bpSV40 T3 NLS-GFP2 (IN) reporters both
localized to the nucleus and the bpSV40 T3 NLS-GFP2 (30 aa) reporter was primarily
cytoplasmic. This result further confirms the importance of specific sequences within the
linker region of bipartite cNLS motifs.

To investigate whether the localization of bpSV40 T3 NLS-GFP2 (Rrp4) is dependent upon
importin-α, we localized the Rrp4 linker reporter in srp1-54 cells (Figure 6B). Nuclear
localization of the bpSV40 T3 NLS-GFP2 (Rrp4) reporter was decreased in srp1-54 cells as
compared to wildtype cells. Taken together, these data show that the Rrp4 linker can
contribute to a functional bipartite cNLS that is dependent on importin-α and suggest that
Rrp4 may indeed contain a bipartite cNLS motif with a linker longer than conventionally
defined.

The putative bipartite cNLS within Rrp4 is necessary for proper nuclear import
Since the long linker of Rrp4 can contribute to a functional bipartite cNLS both in the
context of the bpSV40 T3 reporter and in the context of the Rrp4 cNLS itself, we sought to
confirm the bipartite nature of the Rrp4 cNLS. To this end, Rrp4 and two variants of Rrp4
containing amino acid substitutions within either of the basic regions of the putative Rrp4
cNLS (NLSmut1, K122A/R123A or NLSmut2, R149A/R150A/K151A) were fused to GFP
and localized in wildtype cells (Figure 6C). This plasmid-encoded Rrp4-GFP localized
mainly to the nucleus as was observed previously for integrated Rrp4-GFP (See Figure 5).
The Rrp4 variants, Rrp4 NLSmut1-GFP and Rrp4-NLSmut2-GFP, both localized mainly to
the cytoplasm with some nuclear signal. Since both basic regions of Rrp4 are necessary for
proper localization of Rrp4-GFP, these data strongly suggest that these amino acid clusters
cooperate to form a bipartite nuclear targeting sequence with a long linker.

Discussion
In recent years, there have been an increasing number of studies designed to define novel
nuclear localization signals within various cargo proteins. Classical NLS motifs that interact
with importin-α are the best-studied NLS sequences; however, classes of non-canonical
classical NLS motifs that interact with importin-α have recently begun to emerge
(23,26-28,44-46). The finding, for example, that the Ty1 integrase protein utilizes the
classical nuclear protein import machinery (28) despite containing a putative bipartite cNLS
with a linker nearly three times the size of traditional linker sequences (26,27) prompted us
to reinvestigate what truly defines a classical bipartite NLS.

Previous sequence analysis of the Ty1 integrase cNLS suggested that it is a bipartite cNLS
motif (26,27). Our data confirm that the integrase cNLS can function as a classical bipartite
NLS, suggesting that bipartite cNLS linkers can, in fact, be significantly longer than what
had previously been defined (10-12). The finding that the bpSV40 T3 NLS reporter
containing the integrase linker, but not random sequence, tandem serine/glycine residues, or
tandem alanine residues of nearly the same length, localizes to the nucleus, provides
compelling evidence that the sequence of the linker is important. This dependence on linker
sequence likely reflects a need to adopt a particular conformation to allow the two basic
regions of the cNLS to assume an orientation that facilitates interaction with the two cNLS-
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binding pockets on importin-α. A further consideration beyond flexibility is the possibility
that the linker region may interact with the body of importin-α, which may require specific
sequence contacts. In support of this hypothesis, previous studies have shown and we have
confirmed that deletion of, or amino acid substitutions within, a series of acidic amino acids
in the linker region of the Ty1 integrase cNLS abolishes nuclear import (26), again
suggesting that the sequence of the linker region is key for facilitating interactions with
importin-α and subsequent nuclear localization of bipartite cNLS-bearing cargo.
Interestingly, it seems that the combination of particular cNLS basic residues with particular
linkers may be required for proper nuclear targeting. Our finding that the Mft1 linker can
contribute to a functional cNLS in the context of its own upstream and downstream basic
residues, but not in the context of the bpSV40 T3 NLS, suggests that there may be a
requisite collaboration between the basic residues and the linker region in certain bipartite
cNLSs.

Based on the surprising result that the long 29 amino acid linker region in the Ty1 integrase
NLS can contribute to a functional cNLS, we modified the PSORT II algorithm to allow for
substantial variation in the length of the bipartite cNLS linker and identified cellular proteins
that contain predicted bipartite cNLS sequences whose linkers range between eight and
thirty amino acids. Of the predicted proteins, we analyzed the linker sequences of three
candidate nuclear proteins (Csl4, Rrp4, and Mft1) and found that the predicted Rrp4 and
Mft1 bipartite cNLSs are indeed sufficient for classical nuclear import. These data are
important because they suggest that the phenomenon of long bipartite cNLS motifs is not
limited to atypical cargoes such as viral proteins, which may have developed unusual or at
least unrepresentative mechanisms to exploit the existing host machinery. Rather, cellular
proteins such as Rrp4 also bear long bipartite cNLSs and are targeted to the nucleus by the
classical nuclear protein import system. However, it is important to keep in mind that not all
putative classical NLSs with long linkers will prove to be true targeting signals, as
evidenced by the finding that only one of the long linkers tested was able to contribute to a
functional cNLS. Our results with the alanine linker also highlight the concept that even
predicted bipartite cNLSs with linkers of conventional length may not all function in vivo
and reinforce the need to experimentally test not only potential long bipartite cNLS
sequences, but all putative cNLS motifs before declaring them functional nuclear targeting
signals.

The expansion of the consensus for the classical bipartite NLS vastly increases the number
of putative classical nuclear protein import cargoes in the cell and provides a starting point
for researchers in varied fields to begin to investigate potential mechanisms for nuclear
import of their favorite protein. These studies may shed light on the function of the protein
or suggest novel methods of temporal-spatial regulation. For example, Rrp4 is a component
of both the nuclear and cytoplasmic exosomes (30). Previously, it had been proposed that
Rrp6, a protein found in the nuclear exosome but not the cytoplasmic exosome, is the
component that is responsible for nuclear import of the exosome (30) even though no NLS
within Rrp6 has been functionally defined. Recent studies have also implicated the Rrp6-
associated protein, Dis3, in the nuclear localization of the nuclear exosome components
(47). Our studies based on the expanded cNLS archetype suggest that Rrp4 may mediate,
either individually or in combination with Rrp6 and Dis3, the import of the nuclear exosome
components. Interestingly, Rrp4 contains a phosphorylation site directly after the long
bipartite cNLS (serine residue 152) that is conserved in the human ortholog (48).
Phosphorylation within or near NLS sequences can control nuclear import of cargo proteins
by modulating the affinity of the NLS for its receptor (49-51). Therefore, it is possible that
import of the nuclear exosome components is managed by regulating the binding affinity of
the novel long bipartite cNLS within Rrp4 for importin-α. This possibility underscores the
hypothesis that longer linkers may provide enhanced opportunity for regulation through
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post-translational modifications that directly impact receptor binding or influence
conformation.

In conclusion, we provide evidence that the traditional consensus for a bipartite cNLS is too
restrictive. Our studies uncovered importin-α-dependent bipartite cNLS motifs within Ty1
integrase and Rrp4 that contain linkers of 29 and 25 amino acids, respectively, which
allowed us to expand the bipartite cNLS consensus beyond the previous limitations of a 9-12
amino acid linker. Furthermore, even some eight amino acid linkers were found to be
functional in this study. After refining the cNLS definition, we interrogated the S. cerevisiae
proteome and discovered that the prevalence of classical nuclear transport may be much
greater than previously appreciated (41). Overall, our studies extend the definition of the
classical bipartite NLS and provide evidence that both linker length and sequence influence
nuclear targeting function.

Materials and Methods
Strains and plasmids

All DNA manipulations were carried out according to standard methods (52) and all media
were prepared by standard procedures (53). Saccharomyces cerevisiae strains and plasmids
for this study are listed in Table 5. For some localization studies, two tandem GFP
molecules (GFP2) were fused to either the N-terminus or C-terminus of candidate NLS
motifs to generate a reporter of greater than 55 kDa, which prevents passive diffusion
through the NPC due to the size limitations of the pore. All chemicals were obtained from
Ambion (Austin, TX), Sigma, U.S. Biologicals (Swampscott, MA) or Fisher Scientific
unless otherwise specified.

Construction of IN NLS variants
All variants of the integrase NLS were created using a QuikChange site-directed
mutagenesis kit (Stratagene). Briefly, alanine residues (AAA) were substituted for the KKR
motifs in basic region 1 (BR1) and/or basic region 2 (BR2) in GFP2-IN NLS (pAC1804) to
create the reporters (GFP2-IN NLSBR1br2, GFP2-IN NLSbr1BR2, GFP2-IN NLSbr1br2)
illustrated in Figure 1. A complementary set of integrase NLS BR1 and BR2 variants was
also created in the context of the intact integrase open reading frame of the pAR100
retrotransposition test plasmid.

Direct fluorescence microscopy
Localization of GFP-fusion proteins was analyzed by direct fluorescence microscopy in
living cells. Cells expressing GFP-fusion proteins expressed from their own promoters were
grown overnight in YEPD at 30°C, diluted in fresh media, and grown for three hours prior to
localization studies. Cells expressing constructs under control of the MET25 promoter were
grown overnight in selective media at 30°C, pelleted, washed once in dH2O, resuspended in
selective media, and grown for five hours at 30°C to induce expression prior to localization
studies. The GFP signal was visualized using a GFP-optimized filter (Chroma Technology)
on an Olympus BX60 epifluorescence microscope equipped with a Photometrics Quantix
digital camera. In some cases, cells were incubated with 4.5 nM Hoechst dye (Sigma) to
visualize chromatin and reveal the location of the nucleus.

Ty1 retrotransposition assay
The Ty1 retrotransposition assay was performed as previously described (31). Because the
Ty1 retroelement is flanked by direct repeat sequences, homologous recombination can
occur between the plasmid-borne Ty1 element and genomic Ty1 elements integrated
throughout the genome. To eliminate the false positives that could be detected due to such
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recombination events, we utilized Δrad52 cells where the levels of homologous
recombination between the plasmid-borne elements and the genomic Ty1 elements are
significantly reduced, decreasing the number of false positives detected in our assay (54).

Briefly, Δrad52 cells were transformed with the pAR100 (HIS3) test plasmid containing
either wildtype Ty1 integrase sequence or the Ty1 integrase variants analogous to the GFP2-
IN NLS reporter plasmids (Figure 1A). Transformants were selected on SC ura- glu plates.
To initiate the retrotransposition assay, nine transformants were patched onto SC ura- glu
plates. These plates were then replica plated to SC ura- gal and grown for two days at 25°C
to induce transposition. Patches were then replica plated sequentially to: a) yeast peptone
dextrose (YEPD); b) SC medium containing 1.2 g/liter 5-fluoroorotic acid (5-FOA) and 2%
glucose; and c) SC his- glu. Growth on the final selection plate was compared to controls:
Δrad52 cells containing the WT pAR100 test plasmid (positive control) or Δrad52 cells
containing a URA3 vector control plasmid (pRS316) (negative control). Results were
quantified by counting the number of His+ colonies for each Ty1 variant and plotting the
average of the counts as a percentage of the total number of colonies observed with the
wildtype pAR100 test plasmid.

Protein purification
Purified recombinant proteins used in these studies (His6-tagged NLS-binding fragment of
importin-α consisting of residues 89-530 (ΔIBB) and GFP-fusion bpSV40 T3 NLSs with
various linker regions) were expressed in E. coli BL21 (DE3) cells and purified by nickel
affinity chromatography as previously described (40). The ΔIBB-importin-α lacks the auto-
inhibitory domain of importin-α that competes with NLS-cargoes for binding to the binding
pockets of importin-α. ΔIBB-importin-α has a similar affinity for cNLS cargo as importin-α
in the context of the importin-α/β import complex (40).

Quantitative binding assay
Solid phase binding assays were performed essentially as previously described (39).
Microtiter Immulux HB plates (Dynex) were coated with 100 μl/well of 50 nM GFP-
proteins [GFP, bpSV40 T3 NLS-GFP (10 aa), bpSV40 T3 NLS-GFP (30 aa), bpSV40 T3
NLS-GFP (IN)] in coating buffer (1×PBS supplemented with 2 mM DTT and 0.2 mM
phenylmethylsulfonyl fluoride) overnight at 4°C on a rocker. Plates were then washed three
times by in 1×PBS and incubated in 100 μl of binding buffer (coating buffer supplemented
with 3% BSA and 0.1% Tween 20) for 3.5 hours at 4°C on a rocker. Two hundred μl of
0-200 nM S-tagged ΔIBB-importin-α protein in binding buffer was added to each well and
incubated overnight at 4°C to allow binding to S-tagged ΔIBB-importin-α. Plates were
washed three times in binding buffer lacking BSA. Proteins were then cross-linked for 15
min at room temperature in 1 mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carboiimide
(Pierce) in binding buffer lacking BSA. The wells were then subjected to a series of washes:
1) 20 min in PBS-T (1×PBS supplemented with 0.2% Tween 20); 2) 10 min with PBS-T
containing 100 mM ethanolamine; and finally, 3) 10 min with PBS-T containing 3% BSA.
The bound S-tagged ΔIBB-importin-α was then detected by incubation with S-protein-
horseradish peroxidase conjugate (Novagen) in coating buffer containing 1% BSA and 0.1%
Tween 20 for 1 hr at 4°C on a rocker. The plates were washed three times in 1×PBS.
Following the washes, 100 μl/well of horseradish peroxidase substrate [1-Step™ Turbo
TMB (3,3’5,5’-tetramethylbenzidine)-ELISA (Pierce)] was incubated in each well for 20
min at room temperature. The reaction was stopped by addition of 100 μl 2 M H2SO4. The
absorbance of the samples was measured at 450 nm with an ELX808 Ultra Microplate
Reader with KCjunior software (Bio-Tek Instruments, Inc.). Average absorbance values at
OD450 were determined for GFP fusion proteins at each S-tagged ΔIBB-importin-α
concentration. Background GFP absorbance values were subtracted from those of the
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bpSV40 T3 NLS-GFP proteins. The absorbance values for the bpSV40 T3 NLS-GFP
proteins at each S-tagged ΔIBB-importin-α concentration were used to generate binding
curves by non-linear regression using Prism5 software (GraphPad Software, Inc.). Using
Prism5, we calculated the KD of ΔIBB-importin-α binding to each of the bpSV40 T3 NLS-
GFP proteins.

Bioinformatics
The algorithm from PSORT II (21) for classical bipartite NLS motifs was used with
ScanProsite to search three sets of data: the 5850 proteins in the S. cerevisiae GenBank (55),
the 1515 proteins localized to either the nucleus or the nucleolus in a comprehensive
subcellular localization study performed with a global yeast GFP-fusion library (43), and the
224 proteins that interact with importin-α according to the BioGRID database (42). To
determine the prevalence of putative cargos that contain a putative classical bipartite NLS
with a linker of non-standard length, the PSORT II algorithm for bipartite NLSs was
modified to allow for the following linkers: 8-9, 11-13, 14-15, 16-20, or 21-30 residues ([K/
R][K/R]--X8-30--[3 out of 5 K/R]).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Both basic regions, BR1 and BR2, are required for proper nuclear localization and
retrotransposition of Ty1 integrase
A) Tools for investigating the requirements for nuclear localization of Ty1 IN NLS. The last
55 amino acids of Ty1 IN containing both BR1 and BR2 were fused to two tandem GFP
molecules as shown. Using site-directed mutagenesis, alanine residues were substituted for
the KKR sequence of BR1 (IN NLSbr1BR2), BR2 (IN NLSBR1br2), or in combination (IN
NLSbr1br2). B) Localization of GFP2-IN NLS variants. Wildtype cells expressing GFP2-IN
NLS variants were analyzed by direct fluorescence microscopy. Hoechst dye was used to
visualize the location of the nucleus. Corresponding DIC images are shown. C) As assessed
using a previously described retrotransposition assay (56), retrotranposition is significantly
decreased in Ty1 NLS br1BR2 and Ty1 NLS BR1br2 mutants. Recombination deficient
cells (Δrad52) were transformed with the pAR100 test plasmid, which contains the either the
wildtype Ty1 retrotransposon or Ty1 NLS variants (Figure 1A). The number of
retrotransposition events obtained for wildtype integrase was set to 100%. Results were
quantitated as described in Materials and Methods.
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Figure 2. Localization of bipartite SV40 T3 NLS reporters containing various linker lengths
A) Wildtype cells expressing bpSV40 T3 NLS reporters containing artificial linkers of
various lengths (number of amino acids in linker) were analyzed by direct fluorescence
microscopy. Corresponding DIC images are shown. B) Importin-α mutant srp1-54 cells
expressing bpSV40 T3 NLS reporters containing various linker lengths were analyzed by
direct fluorescence microscopy. Nab2-GFP was localized as a control that is imported into
the nucleus through a mechanism that does not depend on importin-α (35,57).
Corresponding DIC images are shown. C) Wildtype cells expressing bpSV40 T3 NLS
reporters containing serine/glycine linkers of various lengths (number of amino acids in
linker) were analyzed by direct fluorescence microscopy. Corresponding DIC images are
shown. D) Wildtype cells expressing bpSV40 T3 NLS reporters containing alanine linkers
of various lengths (number of amino acids in linker) were analyzed by direct fluorescence
microscopy. Corresponding DIC images are shown.
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Figure 3. The 29 amino acid linker from integrase is a functional bipartite linker sequence
A) Wildtype cells expressing GFP2 (control), bpSV40 T3 NLS with the conventional 10 aa
linker (10), a long 30 aa linker (30), the 29 aa integrase linker (IN), or a variant of the
integrase linker (mutIN) were analyzed using direct fluorescence microscopy.
Corresponding DIC images are shown. B) Importin-α mutant srp1-54 cells expressing
bpSV40 T3 NLS (10), bpSV40 T3 NLS (IN), or control Nab2-GFP were analyzed using
direct fluorescence microscopy. Corresponding DIC images are shown.
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Figure 4. The 29 amino acid linker of integrase mediates binding to importin-α through a
bipartite mechanism
Binding of purified ΔIBB-importin-α to bpSV40 T3 NLS cargoes was assessed using a
quantitative in vitro binding assay (39). Purified GFP, bpSV40 T3 NLS-GFP (10), (30) or
(IN) proteins were incubated with increasing concentrations of ΔIBB-importin-α and the
change in absorbance (Δ Anisotropy) of the samples at 450 nm was measured. Using Prism5
software (GraphPad Software, Inc.), we generated non-linear regression binding curves to
yield the KD values provided in Table 2.
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Figure 5. Analysis of putative bipartite cNLSs within candidate cellular proteins
A) Wildtype cells expressing integrated Csl4-GFP, Rrp4-GFP, or Mft1-GFP were analyzed
by direct fluorescence microscopy. Corresponding DIC images are shown. B) Wildtype or
srp1-54 cells expressing Csl4 NLS-GFP2, GFP2-Rrp4 NLS, Mft1 NLS-GFP2, bpSV40 T3
NLS-GFP2 (10), or Nab2-GFP were analyzed using direct fluorescence microscopy.
Corresponding DIC images are shown.
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Figure 6. The bipartite cNLS within Rrp4 is necessary for nuclear import
A) Wildtype cells expressing bpSV40 T3 NLS (10), bpSV40 T3 NLS (30), bpSV40 T3 NLS
(IN), or bpSV40 T3 NLS reporters containing the putative long bipartite cNLS linkers from
Rrp4 or Mft1 were analyzed using direct fluorescence microscopy. Corresponding DIC
images are shown. B) Importin-α mutant srp1-54 cells expressing bpSV40 T3 NLS (10),
bpSV40 T3 NLS (Rrp4), or Nab2-GFP (control) were analyzed using direct fluorescence
microscopy. Corresponding DIC images are shown. C) Wildtype Rrp4 or Rrp4 containing
amino acid substitutions within the putative bipartite cNLS (K122A/R123A, NLSmut1 or
R149A/R150A/K151A, NLSmut2) was localized as a GFP-fusion protein in wildtype cells
using direct fluorescence microscopy. Corresponding DIC images are shown.
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Table 1

Artificial linker sequences contained within the in vivo bpSV40 T3 NLS-GFP2 reporter proteins

Linker Length (aa) Linker Sequence (KR—linker—KTKRKV)

8 TADEFESP

10 (WT) TADGSEFESP

13 TADGSGSSEFESP

15 TADGSTADGSEFESP

20 TADGSEFESATADGSEFESP

30 TADGSEFESATADGSEFESPTADESEFESP

IN linker (29 aa) SLEDNETEIKVSRDTWNTKNMRSLEPPRS

mutIN linker (29 aa) SLQNNQTQIKVSRDTWNTKNMRSLEPPRS
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Table 2

Dissociation constants (KD) for various NLS-GFP cargoes for importin-α

NLS-GFP cargo KD (nM)

bpSV40 T3 NLS (10 aa) 27

bpSV40 T3 NLS (30 aa) Too weak to measure

bpSV40 T3 NLS (IN) 25
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Table 3

PSORTII results from the S. cerevisiae proteome of predicted bipartite cNLS-containing proteins of various
linker lengths

Predicted Bipartite Linker Length Proteomic Prevalence

8-9 553 9.1%

10 968 16.5%

11-13 674 11.5%

14-15 285 4.9%

16-20 1018 17.4%

20-30 1481 25.3%
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Table 4

Putative bipartite cNLS sequences within PSORTII-identified candidates

Protein Putative cNLS Sequence Predicted Linker Length (aa)

Csl4 100RRTVKNILVSVLPGTEKGRKTNK122 16

Rrp4 122KRWKVDIGGKQHAVLMLGSVNLPGGILRRK131 25

Mft1 247KRDGLLNEAEGDNIDEDYESDEDEERKERFKRQR280 28
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Table 5

Strains and plasmids used

Strains/Plasmids Description Reference

ACY192 mat a ura3-52, leu2-1, trp1-63 (58)

BY4741 mat a ura3-52, leu2-1, trp1-63, his3-1

ACY1563 (NOY672) mat a ura3-1, leu2-3, trp1-1, his3-11, can1-100 srp1-54 (33)

ACY1956 mat a ura3-52, leu2-1, trp1-63, his3-1, RAD52::KANMX

pRS316 URA3 CEN AMP (59)

pAR100 (pAC1735) pGAL-Ty1-HIS3 URA3 CEN AMP (60)

pAC719 Nab2-GFP URA3 2μ AMP (61)

pAC781 c-fus-GFP KAN pET28a-based (40)

pAC1059 pMET25-bpSV40 T3 NLS-GFP2 URA3 CEN AMP (62)

pAC1069 pMET25-GFP2 URA3 CEN AMP (32)

pAC1481 bpSV40 T3 NLS (10)-GFP KAN pET28a-based (62)

pAC1804 pMET25-GFP2-IN NLS URA3 CEN AMP (28)

pAC2355 pMET25-GFP2-IN NLSbr1BR2 URA3 CEN AMP This study

pAC2357 pMET25-GFP2-IN NLSBR1br2 URA3 CEN AMP This study

pAC2406 bpSV40 T3 NLS (30)-GFP KAN pET28a-based This study

pAC2407 pMET25-bpSV40 T3 NLS (8)-GFP2 URA3 CEN AMP This study

pAC2408 pMET25-bpSV40 T3 NLS (13)-GFP2 URA3 CEN AMP This study

pAC2409 pMET25-bpSV40 T3 NLS (15)-GFP2 URA3 CEN AMP This study

pAC2410 pMET25-bpSV40 T3 NLS (20)-GFP2 URA3 CEN AMP This study

pAC2411 pMET25-bpSV40 T3 NLS (30)-GFP2 URA3 CEN AMP This study

pAC2429 pGAL-Ty1 INbr1BR2-HIS3 URA3 CEN AMP This study

pAC2431 pMET25-GFP2-IN NLSbr1br2 URA3 CEN AMP (28)

pAC2446 ΔIBB-Srp1 KAN pET30a(+)-based This study

pAC2489 pGAL-Ty1 INBR1br2-HIS3 URA3 CEN AMP This study

pAC2534 pGAL-Ty1 INbr1br2-HIS3 URA3 CEN AMP This study

pAC2577 pMET25-bpSV40 T3 NLS (Rrp4)-GFP2 URA3 CEN AMP This study

pAC2578 pMET25-bpSV40 T3 NLS (Mft1)-GFP2 URA3 CEN AMP This study

pAC2657 bpSV40 T3 NLS (IN)-GFP KAN pET28a-based This study

pAC2667 pMET25-bpSV40 T3 NLS (IN)-GFP2 URA3 CEN AMP This study

pAC2774 pMET25-bpSV40 T3 NLS (8 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2775 pMET25-bpSV40 T3 NLS (10 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2776 pMET25-bpSV40 T3 NLS (13 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2777 pMET25-bpSV40 T3 NLS (15 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2778 pMET25-bpSV40 T3 NLS (20 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2779 pMET25-bpSV40 T3 NLS (30 Ser/Gly)-GFP2 URA3 CEN AMP This study

pAC2780 pMET25-bpSV40 T3 NLS (8 Ala)-GFP2 URA3 CEN AMP This study

pAC2781 pMET25-bpSV40 T3 NLS (10 Ala)-GFP2 URA3 CEN AMP This study
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Strains/Plasmids Description Reference

pAC2782 pMET25-bpSV40 T3 NLS (13 Ala)-GFP2 URA3 CEN AMP This study

pAC2783 pMET25-bpSV40 T3 NLS (15 Ala)-GFP2 URA3 CEN AMP This study

pAC2787 pMET25-Csl4 NLS (aa 97-125)-GFP2 URA3 CEN AMP This study

pAC2788 pMET25-Mft1 NLS (aa 244-283)-GFP2 URA3 CEN AMP This study

pAC2789 pMET25-bpSV40 T3 NLS (mutIN)-GFP2 (E601Q/D602N/E604Q/E606Q) URA3 CEN AMP This study

pAC2790 pMET25-bpSV40 T3 NLS (14 Ala)-GFP2 URA3 CEN AMP This study

pAC2793 Rrp4-GFP URA3 CEN AMP This study

pAC2797 Rrp4-GFP NLSmut1 (K122A/R123A) URA3 CEN AMP This study

pAC2798 Rrp4-GFP NLSmut2 (R149A/R150A/K151A) URA3 CEN AMP This study

pAC2809 pMET25-bpSV40 T3 NLS (12 Ala)-GFP2 URA3 CEN AMP This study

pAC2815 pMET25-GFP2-Rrp4 NLS (aa 111-159) URA3 CEN AMP This study
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