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Proteins destined for import into the nucleus contain nuclear
localization signals (NLSs) that are recognized by import recep-
tors termed karyopherins or importins. Until recently, the only
nuclear import sequence that had been well defined and charac-
terized was the classical NLS (cNLS), which is recognized by
importin «. However, Chook and coworkers (Lee, B. J., Cansizo-
glu, A. E,, Siiel, K. E,, Louis, T. H., Zhang, Z., and Chook, Y. M.
(2006) Cell 126, 543-558) have provided new insight into
nuclear targeting with their identification of a novel NLS,
termed the PY-NLS, that is recognized by the human karyo-
pherin B2/transportin (Kapf32) receptor. Here, we demonstrate
that the PY-NLS is conserved in Saccharomyces cerevisiae and
show for the first time that the PY-NLS is a functional nuclear
targeting sequence in vivo. The apparent ortholog of Kapf32 in
yeast, Kap104, has two known cargos, the mRNA-binding pro-
teins Hrp1 and Nab2, which both contain putative PY-NLS-like
sequences. We find that the PY-NLS-like sequence within Hrp1,
which closely matches the PY-NLS consensus, is both necessary
and sufficient for nuclear import and is also required for recep-
tor binding and protein function. In contrast, the PY-NLS-like
sequences in Nab2, which vary from the PY-NLS consensus, are
not required for proper import or protein function, suggesting
that Kap104 may interact with different cargos using multiple
mechanisms. Dissection of the PY-NLS consensus reveals that
the minimal PY-NLS in yeast consists of the C-terminal portion
of the human consensus, R/H/KX,_.PY, with upstream basic or
hydrophobic residues enhancing the targeting function. Finally,
we apply this analysis to a bioinformatic search of the yeast pro-
teome as a preliminary search for new potential Kap104 cargos.

In eukaryotic cells, the genetic material is separated from the
cellular machinery in the cytoplasm by a nuclear membrane
that is studded with regulated channels termed nuclear pore
complexes (1-3). Nuclear pores prevent passive diffusion of
macromolecules larger than ~40 kDa (4, 5), so this division can
facilitate the precise management of gene expression by con-
trolling access to the genome. However, the presence of the
nuclear membrane also necessitates the involvement of nuclear
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import machinery that can specifically recognize cargo in the
cytoplasm, mediate transport through nuclear pores, and effect
delivery in the nucleus.

For many import cargos, these import factors are members of
the importin/karyopherin B transport receptor superfamily,
which has 14 members in Saccharomyces cerevisiae and over 20
members in humans (6). These import receptors recognize pro-
tein cargo bearing targeting sequences called nuclear localiza-
tion signals (NLSs)” and mediate interactions with the nuclear
pore, allowing translocation of the cargo into the nucleus (7).
Once inside the nucleus, the import complex encounters
RanGTP, a small Ras family GTPase that regulates the direc-
tionality of nuclear transport (8). RanGTP binds to the karyo-
pherin 3, causing a conformational change and triggering cargo
release (9—-11). The karyopherin 3 then returns to the cyto-
plasm for another round of import.

One main focus of inquiry in the nuclear transport field has
been understanding the mechanism by which each karyopherin
B receptor recognizes its particular host of cargo proteins. In
the most well characterized system of nuclear transport, the
classical nuclear import pathway, a specific karyopherin 3
receptor termed importin 3 binds to an adaptor protein, impor-
tin «, which interacts with cargos carrying classical NLSs
(cNLSs). These ¢NLSs consist of either one or two clusters of
basic amino acids and are exemplified by the SV40 large T anti-
gen NLS (*?°PKKKRRV'*?) and the nucleoplasmin NLS
(S KRPAATKKAGQAKKKK'7) (12). A large number of clas-
sical substrates have been experimentally verified, and exami-
nation of their nuclear targeting signals has led to the develop-
ment of a useful consensus sequence (12).

In contrast to the classical nuclear import pathway, for most
karyopherin 3 receptors only a handful of substrates have been
identified making generalization of binding schemes difficult.
Compounding the problem, these cargos often lack sequence or
structural homology and, in some cases, even interact with a
particular karyopherin 3 receptor using distinct binding sites
and diverse interaction modes (for example, Refs. 13—15). How-
ever, a mechanism underlying recognition of a specific class of
cargos by a transport receptor that does not mediate cNLS pro-
tein import was recently determined. Chook and coworkers
(16) reported the structure of a human karyopherin 3 called
karyopherin 32 (Kapf32) or transportin bound to the NLS of its

2 The abbreviations used are: NLS, nuclear localization signal; cNLS, classical
NLS; GFP, green fluorescent protein; GST, glutathione S-transferase; PBS,
phosphate-buffered saline; HRP, horseradish peroxidase; 5-FOA, 5-fluo-
roorotic acid.
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TABLE 1
Strains and plasmids used in this study
Strain/Plasmid Description Origin
FY23 (ACY192) Wild type, MATa ura3-52 leu2A1 trpl (30)
ESY41-4C (ACY251) AKAP104:HIS3 [KAP104 CEN URA3 AMP®], MAT« ade trp leu his P. A. Silver
ACY427 ANAB2:HIS3 [NAB2 CEN URA3 AMP®], MATa leu lys ade his This study

SVL182/PSY1224 (ACY1571)

AHRP1:HIS3 [HRP1 CEN URA3 AMPX]

S. R. Valentini

pRS315 (pAC3) CEN LEU2 AMP® (31)

pPS808 (pAC23) GFP, GAL1-10 promoter, 2u URA3 AMP® P. A. Silver
pAC717 NAB2, CEN LEU2 AMP® (22)

pAC753 NAB2-GFP, CEN LEU2 AMP*® (22)

pAC1069 GFP-GFP, MET25 promoter, CEN URA3 AMP® (32)

pPS1358 (pAC1725) GFP-HRP1, GALI-10 promoter, 2 URA3 AMP" (20)

pAC2023 NOP1-GFP, CEN URA3 AMP* This study
pAC2325 HRP1, CEN LEU2 AMP" This study
pAC2329 GFP-HRP1 R525A/P531A/Y532A, GALI-10 promoter, 2u URA3 AMP® This study
pAC2330 GFP-HRP1 P531A/Y532A, GALI-10 promoter, 2u URA3 AMP® This study
pAC2344 HRP1 R525A/P531A/Y532A, CEN LEU2 AMP® This study
pAC2345 HRP1 P531A/Y532A, CEN LEU2 AMP" This study
pAC2440 HRP1 Y532V, CEN LEU2 AMP? This study
pAC2441 GFP-HRP1 Y532V, GALI-10 promoter, 2u URA3 AMPR This study
pAC2442 NAB2 P332A, CEN LEU2 AMP® This study
pAC2443 NAB2-GFP PV332A, CEN LEU2 AMP*® This study
pAC2444 NAB2 P407A, CEN LEU2 AMP" This study
pAC2445 NAB2-GFP P407A, CEN LEU2 AMP® This study
pAC2451 GFP-GFP-HRP1-(503-534), MET25 promoter, CEN URA3 AMP"® This study
pAC2452 GFP-GFP-HRP1-(522-534), MET25 promoter, CEN URA3 AMP" This study
pAC2472 GFP-GFP-NAB2-(320-333), MET25 promoter, CEN URA3 AMP® This study
pAC2473 GFP-GFP-NAB2-(389-408), MET25 promoter, CEN URA3 AMP® This study
pAC2527 NAB2 P332A/P407A, CEN LEU2 AMPR This study
pAC2528 GFP-HRP1 P531A, GALI-10 promoter, 2ju URA3 AMPR This study
pAC2538 NAB2-GFP P332A/P407A, CEN LEU2 AMP® This study
pAC2539 HRP1 P531A, CEN LEU2 AMP® This study
pAC2551 GST-KAP104, pGEX-6P3 AMP® M. P. Rout

best characterized cargo, the mRNA-binding protein heteroge-
neous nuclear ribonucleoprotein A1l. Combining the structural
information with biochemical studies involving other known
Kapp2 cargos, they then proposed a set of predictive rules that
outline the requirements for a putative Kapf2 NLS: 1) the NLS
is structurally disordered, 2) the NLS has a net basic charge, and
3) the NLS has a hydrophobic or basic region upstream of a
C-terminal R/H/KX, -PY motif. The invariant proline and
tyrosine residues contained at the end of the consensus led
them to term these KapB2 recognition sequences “PY-NLSs.”
Using these rules, they then searched the human proteome,
identified 81 putative Kap32 cargos, and showed that a selec-
tion of these PY-NLS proteins bound to KapB2 in a RanGTP-
dependent manner in vitro. These binding experiments suggest
that the proteins are substrates of Kap32; however, in vivo func-
tional and localization experiments are still necessary to dem-
onstrate that these PY-NLS-containing proteins are imported
by Kapf2 in a PY-NLS-dependent manner.

The apparent ortholog of KapB2 in S. cerevisiae is Kap104
(karyopherin 104), which has two known cargos, the
mRNA-binding proteins Nab2 (nuclear poly-adenylated RNA-
binding protein 2) and Hrpl (heterogeneous nuclear ribonucleo-
protein 1) (17, 18). Previous work has defined the general
regions of these cargo proteins that are required for Kap104-
mediated nuclear import (18, 19). In Nab2, a region containing
an RNA binding motif consisting of a series of arginine-glycine-
glycine (RGQ) repeats is necessary and sufficient for binding to
Kap104 and for nuclear import in vivo (18, 19). Deletion of the
CCCH zinc finger region of Nab2 also reduces binding to
Kap104 in vitro (18). In Hrpl, the arginine/glycine-rich car-
boxyl terminus of the protein is required for binding to Kap104
and is sufficient to mediate import in vivo (18). Thus, although
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the protein domains in Hrpl and Nab2 that mediate Kap104
binding have been determined, no specific nuclear import
sequences have been identified. Much like many Kap2 cargos
(16), Hrpl and Nab2 are involved in mRNA biogenesis, with
Hrpl contributing to cleavage and polyadenylation of
pre-mRNA 3’-ends (20) and Nab?2 aiding in poly(A) tail length
regulation and mRNA export (21, 22). Interestingly, the human
protein most closely related to Hrpl is heterogeneous nuclear
ribonucleoprotein A1 (PBI-BLAST).

The goal of this study was to examine the function of the novel
PY-NLS sequence in vivo. Examination of the primary sequences
of Hrp1 and Nab2 uncovered putative PY-NLS-like sequences in
both proteins. Using a combination of localization, function, and
binding studies, we found that the PY-NLS-like sequence within
Hrpl is necessary and sufficient for nuclear import of the protein
and is required for protein function. However, the less conserved
PY-NLS-like sequences within Nab2 are not required for nuclear
accumulation of Nab2. These results demonstrate that the
PY-NLS consensus sequence is conserved in S. cerevisiae but
also reveal that Kap104 likely utilizes additional mechanisms
of cargo recognition. Finally, identification of the functional
PY-NLS in yeast allowed us to interrogate the yeast pro-
teome to identify new putative cargos of Kap104. Therefore,
we conclude with a preliminary prediction of the likely prev-
alence of the PY-NLS in S. cerevisiae.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Chemicals—All chemicals were
obtained from United States Biological or Sigma unless other-
wise noted. All media were prepared and all DNA manipula-
tions were performed according to standard procedures (23,
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24). All yeast strains and plasmids used in this study are
described in Table 1.

Microscopy—Green fluorescent protein (GFP) fusion pro-
teins were localized in live cells using direct fluorescence
microscopy. The GFP signal was visualized using a GFP-opti-
mized filter (Chroma Technology) on an Olympus BX60 epif-
luorescence microscope equipped with a Photometrics Quan-
tix digital camera. For most experiments, cells expressing genes
expressed from their own promoters were grown overnight in
selective medium, diluted in fresh medium, and grown for 3 h
prior to localization studies. Cells expressing genes under the
control of the GALI-10 promoter were grown overnight in
selective medium with glucose as a sugar source, pelleted,
washed, resuspended in fresh medium with galactose as a
sugar source, and induced for 6 h prior to localization stud-
ies. Cells expressing genes under the control of the MET25
promoter were grown overnight in selective medium, pel-
leted, washed, resuspended in fresh medium lacking methio-
nine, and induced for 5 h prior to localization studies. Experi-
ments involving the AKAPIO4 deletion strain (ACY251)
required an initial growth phase of five nights to reach the
appropriate cell density.

In Vitro GST Binding Assay—For binding studies, Kap104
was expressed in Escherichia coli as a GST fusion protein (25),
and then GST-Kap104 beads were incubated with yeast lysate
from cells expressing wild-type GFP-Hrpl or R525A/P531A/
Y532A GFP-Hrpl. To prepare the GST-Kap104 beads, E. coli
cells expressing GST-Kap104 (pAC2551) were resuspended in
PBS supplemented with 0.5 mm phenylmethylsulfonyl fluoride,
PLAC (3 mg/ml each of pepstatin A, leupeptin, aprotinin, chy-
mostatin), and 2 mMm B-mercaptoethanol and lysed by sonica-
tion. Lysates were cleared by centrifugation and incubated with
200 wl of prepared glutathione-Sepharose beads (GE Health-
care). Beads were collected and washed three times with PBS.
To prepare yeast lysates, wild-type cells (ACY192) containing
plasmids encoding wild-type GFP-Hrpl (pAC1725) or R525A/
P531A/Y532A GFP-Hrpl (pAC2329) were grown overnight in
selective medium with glucose as a sugar source, pelleted,
washed, and grown overnight in selective medium with galac-
tose as a sugar source to induce expression of the GFP-Hrpl
fusion proteins. Cells were collected and washed twice in dH,O
and once in PBSMT (PBS, 5 mm MgCl,, 0.5% Triton X-100).
Glass bead lysis was conducted in PBSMT supplemented with
protease inhibitors (phenylmethylsulfonyl fluoride and PLAC).
Lysates were cleared by centrifugation, and total protein con-
centration was assessed by Bradford assay. One milligram of
total yeast lysate and 50 ul of GST-Kap104 bead slurry were
incubated overnight with agitation. The unbound fraction was
removed, and the bound fraction was washed three times with
PBSMT + 500 mm NaCl and once with PBS. Bound and
unbound samples were loaded on a 10% denaturing SDS-PAGE
gel. The proteins were transferred to a nitrocellulose mem-
brane and probed with either primary a-GFP (rabbit, 1:3,000
dilution) and secondary a-rabbit HRP-conjugated (1:5,000)
antibodies to detect the GFP-Hrp1 fusion proteins or primary
a-GST (mouse, 1:5,000) and secondary a-mouse HRP-conju-
gated (1:5,000) antibodies to detect the GST-Kap104 protein.
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In Vivo Functional Analyses—The in vivo function of each of
the Hrpl and Nab2 variants was tested using a plasmid shuffle
technique (26). Plasmids encoding wild-type or variant Hrp1 or
Nab2 proteins were transformed into either AHRPI (ACY1571)
or ANAB2 (ACY427) cells containing a wild-type HRPI or
NAB2 URA3 maintenance plasmid. Single transformants were
grown to saturation in liquid culture, serially diluted (1:10) in
dH,O, and spotted on control ura™ leu™ glu plates or on selec-
tive leu™ glu plates containing 5-fluoroorotic acid (5-FOA).
Plates were incubated at 18, 25, 30, or 37 °C for 3-5 days. For
growth curve analysis, cells picked from the 25 °C 5-FOA Hrpl
plasmid shuffle plate that express either wild-type or P531A
Hrpl as the only copy of Hrpl were grown overnight at 25 °C,
normalized to equal starting concentrations, diluted 1:10 in a
96-well plate, and monitored for growth over time using an
ultra microplate reader (Bio-Tek Instruments, Inc.). Cells were
incubated at 37 °C with shaking, and the optical density was
measured at 600 nm every 30 min.

Bioinformatics—A custom library was constructed with
different PY-NLS profiles: the consensus sequence for a
hydrophobic PY-NLS (16), (LIMHFYVPQ)-(GAS)-(LIMH-
FYVPRQK)-(LIMHEYVPRQK)-X(7,12)-(RKH)-X(2,5)-PY; the
sequence for a basic PY-NLS (16), (KR)-X(0,2)-(KR)-(KR)-
X(3,10)-(RKH)-X(1,5)-PY; and the sequence for the C-terminal
PY-core of the PY-NLS, (RKH)-X(2,5)-PY. This library was
then used with ScanProsite (27) to query two data sets: the yeast
proteome represented by the 5,850 proteins in the S. cerevisiae
GenBank™ data base (28) and the 1,515 proteins localized to
either the nucleus or the nucleolus according to a comprehen-
sive subcellular localization study using the global yeast GFP
fusion library (29). The results are summarized in a Venn dia-
gram with corresponding percentages tabulated in a chart. A
detailed table of results is presented on the Corbett laboratory
Web site.

RESULTS

Hrpl and Nab2 Contain PY-NLS-like Sequences—Scanning
the protein sequences of the known Kap104 cargos Hrpl and
Nab2 (17, 18) revealed that Hrpl contains one sequence and
Nab2 contains two sequences that are similar to the established
KapB2 binding sequence termed the PY-NLS (16) (Fig. LA). The
PY-NLS-like sequence of Hrp1 (residues 506 —532) is located at
the extreme C terminus of the protein within the region previ-
ously shown to be required for import (18). The PY-NLS-like
sequences of Nab2 are both contained in the C-terminal CCCH
zinc finger domain. PY-NLS-like sequence 1 (residues 320 —
333) lies between the second and third zinc fingers, and
sequence 2 (residues 389 —408) is located between the fourth
and fifth zinc finger. The sequence in Hrp1 very closely resem-
bles the mammalian PY-NLS, containing the core C-terminal
portion of the consensus sequence preceded by a basic stretch
of amino acids. In contrast, the putative sequences in Nab2 both
contain upstream basic or hydrophobic stretches, but they vary
from the PY-NLS consensus in the C-terminal PY-core as both
sequences contain a lysine residue followed within two to five
residues by a proline and a valine, yielding PV rather than the
eponymous PY sequence. This change in the final residue raises
the possibility that, although Hrpl and Nab2 are both estab-
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A)
Hrp1

RBRM1 __RRM2 RG-rich

534
*
506 RSGGNHRRNGRGGRGGYNRRNNGYHPY 532

N QQQP RGG CCCH Zinc Fingers
Nab2 524
320 KRKADLLAAKRKPV (;33
389 LSKIKEVKPISQKKAAPPPYV 408
B) _GFP-Hrp1 Nab2-GFP__Nop1-GFP

Wild-Type
d4o

ala

AKAP104
d49
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FIGURE 1. Hrp1 and Nab2 contain putative PY-NLS-like sequences.
A, domain structures of Hrp1 and Nab2. The positions of the PY-NLS-like
sequence(s) are indicated by asterisks, and sequences are listed below each
protein. B, nuclear localization of Hrp1 and Nab2 is dependent on Kap104.
Wild-type and AKAP104 cells expressing GFP-Hrp1, Nab2-GFP, or the control
protein Nop1-GFP were examined by direct fluorescence microscopy (GFP).
Corresponding differential interference contrast (DIC) images are shown.

lished cargos of Kap104 (17, 18), they may interact with the
receptor using different sets of interactions or perhaps even in
fundamentally different ways.

Hrpl and Nab2 Are Imported by Kapl04—To verify that
nuclear localization of Hrp1l and Nab2 depends on Kap104 (17),
the localization of GFP-tagged Hrpl or Nab2 was assessed in
wild-type or AKAP104 cells (Fig. 1B). Hrpl was tagged with
GEFP at the N terminus of the protein to preserve the C-terminal
location of the PY-NLS-like sequence. Nab2 was tagged at the C
terminus with GFP because this fusion protein has previously
been shown to function iz vivo and to localize to the nucleus
(22). In wild-type cells, both GFP-Hrpl and Nab2-GFP are
localized to the nucleus; however, in AKAP104 cells, both GFP-
Hrp1l and Nab2-GFP are localized throughout the cell, indicat-
ing that proper nuclear localization of Hrpl and Nab2 is
dependent on Kap104. This experiment also demonstrates that
GFP-tagged versions of the proteins are valid reporters. A non-
Kap104-dependent cargo, Nopl-GFP (17, 25), is properly local-
ized within the nucleus in both wild-type and AKAP104 cells,
showing that not all nuclear import is impaired in AKAP104
cells.
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FIGURE 2. The PY-NLS-like sequence within Hrp1 is necessary and suffi-
cient for Hrp1 import and is necessary for Kap104 binding. A, wild-type
cells expressing GFP alone, wild-type GFP-Hrp1, P531A/Y532A GFP-Hrp1, or
R525A/P531A/Y532A GFP-Hrp1 were examined by direct fluorescence
microscopy (GFP). Corresponding differential interference contrast (DIC)
images are shown. B, in vitro binding between GST-Kap104 and either wild-
type GFP-Hrp1 or R525A/P531A/Y532A GFP-Hrp1 was examined using gluta-
thione beads as described under “Experimental Procedures.” The unbound
(U) and bound (B) fractions were probed with an anti-GFP antibody to detect
GFP-Hrp1 fusion proteins or with an anti-GST antibody to detect GST-Kap104.
C, wild-type cells expressing a GFP-GFP control, GFP-GFP-Hrp1-(522-534)
(containing the Hrp1 PY-core), or GFP-GFP-Hrp1-(503-534) (containing the
entire Hrp1 PY-NLS) were examined by direct fluorescence microscopy (GFP).
Corresponding differential interference contrast (DIC) images are shown.

ald

The PY-NLS-like Sequence within Hrpl Is Necessary and
Sufficient for Nuclear Import and Is Necessary for Kapl04
Binding—To test whether the putative PY-NLS-like sequence
within Hrpl is necessary for the import of Hrpl into the
nucleus, specific amino acid changes were created in the C-ter-
minal PY-core of the PY-NLS-like sequence of GFP-Hrp1 and
the resulting GFP-Hrp1 variants were localized in wild-type
cells (Fig. 24). Wild-type GFP-Hrp1 was localized to the nucle-
us; however, when either the PY (P531A/Y532A) or both the
upstream arginine and the PY (R525A/P531A/Y532A) residues
were changed to alanine, GFP-Hrpl was mislocalized to the
cytoplasm, indicating that the PY-NLS-like sequence of Hrpl is
necessary for nuclear accumulation of Hrp1. Both the wild-type
and the mutant GFP-Hrpl partially localized in discrete

JOURNAL OF BIOLOGICAL CHEMISTRY 12929



PY-NLS Required for Hrp1 Localization and Function in Vivo

puncta. These accumulations do not seem to correlate with
particular nuclear or cytoplasmic bodies and their cause is
unknown. Immunoblotting verified that all of the GFP-Hrpl
proteins were expressed at approximately equal levels (data not
shown).

To determine whether the PY-NLS-like sequence within
Hrp1 is required for the interaction between Hrp1 and Kap104,
we tested whether recombinant GST-Kap104 could interact
with either wild-type or mutant GFP-Hrpl1 in yeast lysate. For
this experiment, GST-Kap104 beads were incubated with yeast
lysate from cells expressing either wild-type GFP-Hrpl or
R525A/P531A/Y532A GFP-Hrpl (Fig. 2B). Wild-type GEFP-
Hrp1 robustly bound to GST-Kap104 whereas R525A/P531A/
Y532A GFP-Hrpl showed greatly reduced binding, demon-
strating that the PY-NLS-like sequence within Hrpl is
important for receptor binding.

To test whether the PY-NLS-like sequence within Hrpl1 is
sufficient to mediate import of a non-nuclear protein, either the
C-terminal PY-core (residues 522—534) or the entire PY-NLS-
like sequence of Hrpl (residues 503-534) was fused to GFP-
GFP (Fig. 2C). Two GFP molecules were used to create a protein
that was too large to efficiently diffuse through the nuclear pore
into the nucleus. Accordingly, to accumulate in the nucleus
these fusion proteins must utilize an active system of transport.
As expected, GFP-GFP alone was mainly localized to the
cytoplasm. The C-terminal PY-core fused to GFP-GFP showed
significant nuclear accumulation with some remaining cyto-
plasmic signal. The complete PY-NLS-like sequence fused to
GFP-GFP mediated very efficient nuclear targeting with the
reporter protein localized exclusively to the nucleus. These
results indicate that the PY-NLS-like sequence of Hrpl1 is suf-
ficient to mediate import into the nucleus and that even the
small C-terminal PY-core lacking the upstream basic or hydro-
phobic residues can mediate nuclear targeting to some degree.
Both Hrpl GFP-GFP-PY-NLS reporters were mislocalized to
the cytoplasm in kap104-16 mutant cells (17) (data not shown),
showing that import of these reporter proteins is dependent on
Kap104.

The PY-NLS-like Sequences within Nab2 Are Neither Neces-
sary nor Sufficient for Nab2 Import into the Nucleus—An
approach similar to that described for Hrp1 was taken to deter-
mine whether the PY-NLS-like sequences within Nab2, which
actually contain terminal PV residues rather than PY residues,
are required for Nab2 nuclear localization. To test whether
either or both of these PY-NLS-like sequences within Nab2 are
required for Nab2 nuclear import, wild-type Nab2-GFP, P332A
Nab2-GFP, P407A Nab2-GFP, and P332A/P407A Nab2-GFP
were localized in wild-type cells. As shown in Fig. 34, wild-type
Nab2-GFP is localized exclusively to the nucleus. Nab2-GFP
with amino acid changes in either or both of the two putative
PY-NLS-like sequences is also localized exclusively to the
nucleus, indicating that neither PY-NLS-like sequence is
required for Nab2 import.

To test whether either of the putative PY-NLS-like sequences
within Nab2 is sufficient to mediate nuclear import, either
Nab2 PY-NLS-like sequence 1 (residues 320 -333) or Nab2 PY-
NLS-like sequence 2 (residues 389 —408) was fused to GFP-
GFP and these reporter proteins were localized in wild-type
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FIGURE 3. The PY-NLS-like sequences within Nab2 are neither necessary
nor sufficient for Nab2 nuclear localization. A, wild-type cells expressing
GFP alone, wild-type Nab2-GFP, P332A Nab2-GFP, P407A Nab2-GFP, or
P332A/P407A Nab2-GFP were examined by direct fluorescence microscopy
(GFP). Corresponding differential interference contrast (DIC) images are
shown. B, wild-type cells expressing a GFP-GFP control, GFP-GFP-Nab2-(320 -
333), or GFP-GFP-Nab2-(389-408) were examined by direct fluorescence
microscopy (GFP). Corresponding differential interference contrast (DIC)
images are shown.

cells (Fig. 3B). Both Nab2 PY-NLS-GFP-GFP reporters local-
ized throughout the cell, demonstrating that neither Nab2 PY-
NLS-like sequence alone is sufficient to mediate import into the
nucleus.

The PY-NLS-like Sequence Is Required for Hrp1 Function but
Not for Nab2 Function—Because the PY-NLS-like region of
Hrpl1 is both necessary and sufficient to mediate Hrp1 nuclear
import, this sequence should be required for the function of the
essential nuclear Hrp1 protein (20) in vivo. In contrast, because
neither of the PY-NLS-like sequences within Nab2 is required
for import, we predict that neither of the sequences should be
required for Nab2 function. Accordingly, to test whether the
PY-NLS-like sequences within Hrpl or Nab2 are essential for
protein function in vivo, plasmid shuffle assays were performed.
AHRP1 or ANAB2 cells containing a wild-type URA3 mainte-
nance plasmid were transformed with plasmids encoding wild-
type Hrpl or Nab2, mutant PY-NLS Hrpl or Nab2, or vector
alone and were plated on control plates or plates containing
5-FOA. 5-FOA is a toxic analog of uracil that selects against
URA-containing maintenance plasmids (26). HRP1 and NAB2
are essential genes; therefore, only cells containing a functional
copy of HRP1 or NAB2 are able to grow on plates containing
5-FOA. As seen in Fig. 4, cells expressing P531A/Y532A Hrpl
or R525A/P531A/Y532A Hrpl are not viable, indicating that
the PY-NLS-like sequence within Hrp1 is essential for protein
function, presumably because import of Hrpl is required for
proper mRNA processing (20). Cells expressing P332A Nab2,
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P407A Nab2, or P332A/P407A Nab2 as the only copy of Nab2
grow as well as cells expressing wild-type Nab2, indicating that
neither PY-NLS-like region within Nab2 is required for cell
viability.

Functional Dissection of the PY-NLS Motif—To assess the
contribution of the proline and the tyrosine residues to the
function of the PY-NLS motif, we created several variants

5-FOA

control

A)

WT Hrp1 U g
P531A/Y532A Hrp1 8~ I Sl

vector
WT Nab2

FIGURE 4. The PY-NLS-like sequence within Hrp1 is required for protein
function. Protein function in vivo was assessed by a plasmid shuffle assay as
described under “Experimental Procedures.” A, AHRP1 cells (ACY1571) main-
tained by a plasmid encoding wild-type Hrp1 and expressing either wild-type
or mutant Hrp1 proteins were serially diluted, spotted onto control or 5-FOA
plates, and grown at 30 °C for 3 days. B, ANAB2 cells (ACY427) maintained by
a plasmid encoding wild-type Nab2 and expressing either wild-type or
mutant Nab2 proteins were serially diluted, spotted onto control or 5-FOA
plates, and grown at 30 °C for 3 days.

WT
GFP-Hrp1

P531A/Y532A
GFP-Hrp1

A) Y532V

GFP-Hrp1

within the PY-NLS of Hrpl. First, we changed the tyrosine to
valine (Y532V Hrpl). In the structure of KapB2 bound to het-
erogeneous nuclear ribonucleoprotein A1, the tyrosine residue
of the PY-NLS makes extensive hydrophobic and polar contacts
with the receptor (16). This change to a nonpolar residue
should disrupt these interactions. This amino acid change also
mimics the PY-NLS-like sequences of Nab2, allowing a further
test of whether valine can substitute for tyrosine in S. cerevisiae
PY-NLS sequences. Second, we changed the proline to alanine
(P531A Hrpl). The proline of the heterogeneous nuclear ribo-
nucleoprotein A1 PY-NLS makes hydrophobic contacts with
Kapp2 (16) and may contribute to the unstructured nature of
the NLS while bound to KapfB2. Because alanine is a much
smaller, nonpolar side chain, this amino acid change tests
whether those interactions and structural changes are required
for proper PY-NLS function. Y532V Hrpl and P531A Hrp1 were
tagged at the N terminus with GFP and localized in wild-type cells
(Fig. 5A4). Much like the other Hrpl PY-NLS mutants, GFP-Hrpl
Y532V was mislocalized to the cytoplasm, indicating that proper
function of the PY-NLS-like sequence was disrupted. Therefore,
valine cannot substitute for tyrosine in the Hrpl PY-NLS-like
sequence. GFP-Hrp1 P531A was partially mislocalized to the cyto-
plasm but also showed nuclear accumulation. This intermediate
phenotype suggests that the proline residue may play a smaller, but
stillimportant, role in the Hrpl PY-NLS. Immunoblotting verified
that the GFP-Hrpl variants were expressed at approximately
equal levels (data not shown).

The function of the Y532V and P531A Hrpl mutants was
assessed using the plasmid shuffle assay (Fig. 5B). Cells express-
ing Y532V Hrpl as the only form of Hrp1 are non-viable, indi-
cating that the tyrosine residue in
the C-terminal PY-core of the Hrpl
PY-NLS-like sequence is required
for Hrp1 function. Cells expressing
P531A Hrpl are viable but have a
slight growth defect at 30°C. To
determine whether cells expressing
P531A Hrpl as the only copy of
Hrpl are temperature-sensitive for
growth, a quantitative growth assay
was performed at 37 °C (Fig. 5C).
Results of the analysis demonstrate
that P531A Hrpl cells grow much
more slowly than wild-type cells at

P531A
GFP-Hrp1

d49

al1d

B) control 5-FOA C) 0.4

o WT Hrp1
o P531A Hrp1

an elevated temperature.
The Prevalence of the PY-NLS in S.

e 0 - (e ¢ ¢ |

cerevisiae— This study has analyzed

Optical Density

the PY-NLS-like sequences of the
Kap104 cargos Nab2 and Hrpl. The
PY-NLS-like sequences of Nab2 are
not functional NLSs in vivo; how-

FIGURE 5. Functional dissection of the PY-NLS motif. A, wild-type cells expressing GFP alone, wild-type
GFP-Hrp1, GFP-Hrp1 P531A/Y532A, GFP-Hrp1 Y532V, or GFP-Hrp1 P531A were examined by direct fluores-
cence microscopy (GFP). Corresponding differential interference contrast (DIC) images are shown. B, AHRP1
cells (ACY1571) maintained by a plasmid encoding wild-type Hrp1 and expressing either wild-type or mutant
Hrp1 protein were spotted onto control or 5-FOA plates and grown at 30 °C for 3 days. C, wild-type Hrp1 or
P531A Hrp1 cells were monitored for growth over time at 37 °C as described under “Experimental Procedures.”
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ever, it is important to note that
Nab2 would not have been pre-
dicted to contain a putative
PY-NLS. Both of the PY-NLS-like
sequences within Nab2 vary from
the consensus in the final tyrosine, a
residue that we have shown to be
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Proteome

Hydrophobic
210

782

PY-core

Predicted PY-NLS Proteome Nuclear
C-terminal PY-core only| 1075 18.4% | 293 19.3%
Hydrophobic 263 4.5% 53 3.5%
Basic 53 0.9% 24 1.6%
Hydrophobic and Basic| 13 0.2% 4  0.3%
None 4446 76.0% | 1141 75.3%
Total 5850 100% | 1515 100%

FIGURE 6. The prevalence of predicted PY-NLS proteins in S. cerevisiae.
Algorithms for hydrophobic and basic PY-NLSs or for the C-terminal PY-NLS
core motif (see “Experimental Procedures”) were used to search the 5,850
proteins in the yeast proteome (Proteome) and the 1,515 proteins that are
nuclear or nucleolar at steady state (Nuclear). The results of this preliminary
analysis are plotted in a Venn diagram and summarized in the chart below.
Hydrophobic and basic PY-NLSs, by definition, also contain the C-terminal PY
core motif, so proteins denoted as containing “Hydrophobic” or “Basic” PY-
NLSs also contain the PY-NLS core.

essential for proper PY-NLS function in vivo (Fig. 5, A and B). In
contrast, we find that Hrp1 does contain a functional PY-NLS,
demonstrating that the PY-NLS motif is conserved in yeast.
The conservation of the PY-NLS expands our current arsenal of
yeast NLS consensus sequences and, combined with a bioinfor-
matics approach, allows us to undertake a preliminary search
for new putative Kap104 cargos in S. cerevisiae. Additionally, in
Fig. 2C, we showed not only that the entire PY-NLS-like region
of Hrp1 could mediate nuclear import but also that a minimal
C-terminal PY-core could effect nuclear localization. There-
fore, given that both of these sequences can mediate nuclear
targeting in vivo, to determine the prevalence of putative PY-
NLS-containing proteins in yeast we queried two data sets
using the established hydrophobic and basic PY-NLS consen-
sus sequences as well as a shorter sequence consisting of just the
core R/H/KX,_ .PY motif (Fig. 6). First, we searched the yeast
proteome as represented by the 5,850 proteins in the S. cerevi-
siae GenBank™ data base (28) to reveal the entire complement
of potential Kap104 cargos. Second, we scanned the 1,515 pro-
teins localized at steady state to either the nucleus or the nucle-
olus as determined by a comprehensive localization study uti-
lizing the global yeast GFP fusion library (29). This more
focused data set was chosen because all nuclear proteins should
contain nuclear targeting sequences, a subset of which should
contain PY-NLSs. If one considers the C-terminal PY-core suf-
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ficient to mediate import, 1,404 proteins or 24% of the total
yeast proteome contain at least one predicted PY-NLS
sequence. Additionally, 374 nuclear proteins, ~25% of the
nuclear proteome, contain putative PY-NLSs. A selection of
proteins that are likely candidates for Kap104 import are pre-
sented in Table 2, which contains a list of yeast proteins that are
nuclear or nucleolar, contain a putative hydrophobic or basic
PY-NLS, and lack a putative classical NLS (12). A detailed table
containing all of the results is available on our Web site.

DISCUSSION

In this study, we demonstrate that the PY-NLS, a human
Kapp2 binding nuclear targeting sequence (16), is conserved in
S. cerevisiae and show for the first time in any organism that the
PY-NLS is a functional nuclear import signal in vivo. Through
localization, function, and binding studies, we show that the
PY-NLS-like sequence within Hrpl, a cargo of the yeast
ortholog of Kapf2, is necessary and sufficient for nuclear
import and is required for receptor binding and for protein
function. These experiments indicate that the PY-NLS-like
sequence within Hrp1 is a true NLS and, significantly, build on
previous in vitro binding studies to demonstrate that this PY-
NLS can actually mediate import of a protein cargo in vivo.

In contrast, we found that the putative PY-NLS-like
sequences within Nab2 are not functional NLS motifs, suggest-
ing that Nab2 must have alternative mechanisms for gaining
entry into the nucleus. These mechanisms may involve several
different import receptors; however, because Fig. 1B and previ-
ous studies (18, 19) show that proper Nab2 localization requires
Kap104, these results more directly suggest that Kap104 can
interact with different classes of cargo proteins using different
mechanisms. In the first mode of interaction, Kap104 recog-
nizes cargo proteins like Hrp1l via PY-NLS motifs, and in the
second mode of interaction, Kap104 recognizes cargo proteins
like Nab2 via interactions like that mapped within the RGG
domain of Nab2 (18, 19).

Our study also assessed the contribution of the signature
residues of the PY-NLS, the proline and tyrosine, to the func-
tion of the Hrpl PY-NLS. We found that changing the proline
residue to an alanine caused partial mislocalization of Hrpl
accompanied by temperature-sensitive growth, suggesting
that, although not essential, the proline is required for proper
localization and function of the Hrpl protein. This moderate
effect on Hrpl localization and function may be due to the
position of the PY-NLS only two residues from the C terminus
of Hrpl. Typically, proline residues are assumed to contribute
to the unstructured nature of NLSs while bound to their recep-
tors. The proline within the PY-NLS of Hrp1 may not be abso-
lutely required for PY-NLS function because the end of the
protein may already lack any significant structure. However, a
proline residue could make more significant contributions to
PY-NLS sequences within other cargos where the motif is
located in a more structured region of the protein. Changing
the tyrosine in the Hrpl PY-NLS to a valine completely abro-
gated PY-NLS function, suggesting that the change in the ter-
minal residue of the PY-NLS-like sequences within Nab2 (PV
versus PY) may be responsible for the lack of function of these
putative PY-NLSs in vivo.
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TABLE 2
Nuclear or nucleolar yeast proteins that contain putative hydrophobic or basic PY-NLSs, but lack putative classical NLSs
Gene Sys;:x:tlc Function (adapted from the Saccharomyces genome data base)

APC4 YDR118W  Subunit of the anaphase-promoting complex/cyclosome (APC/C)

APD1 YBR151W  Protein of unknown function, required for normal localization of actin patches and for normal tolerance of sodium ions and
hydrogen peroxide

ENP1 YBR247C  Protein associated with U3 and U14 small nucleolar RNAs, required for pre-rRNA processing and 40 S ribosomal subunit synthesis

FPR1 YNL135C  Peptidyl-prolyl cis-trans isomerase (PPlase)

GALS80 YMLO51W  Transcriptional regulator involved in the repression of GAL genes in the absence of galactose

HRR25 YPL204W  Protein kinase involved in regulating diverse events, including vesicular trafficking, DNA repair, and chromosome segregation

NRG1 YDR043C  Transcriptional repressor that recruits the Cyc8p-Tuplp complex to promoters, mediates glucose repression

PPX1 YHR201C  Exopolyphosphatase, hydrolyzes inorganic polyphosphate (poly P) into Pi residues

PRP11 YDL043C  Subunit of the SF3a splicing factor complex, required for spliceosome assembly

QNS1 YHR074W  Glutamine-dependent NAD(+) synthetase

RHR2 YILO53W  Constitutively expressed isoform of DL-glycerol-3-phosphatase, involved in glycerol biosynthesis

RPO21 YDL140C  RNA polymerase II largest subunit B220, part of central core; phosphorylation regulates association with transcription and splicing
factors

RPS14B YJL191W  Ribosomal protein 59 of the small subunit, required for ribosome assembly and 20 S pre-rRNA processing

RRP7 YCL031C  Essential protein involved in rRNA processing and ribosome biogenesis

SCC2 YDR180W  Subunit of cohesin-loading factor (Scc2p-Scc4p), a complex required for the loading of cohesin complexes onto chromosomes

SGV1 YPR161C Cyclin-dependent protein kinase that functions in transcriptional regulation, phosphorylates the C-terminal domain of Rpo21p,
which is the largest subunit of RNA polymerase II

SIN4 YNL236W  Subunit of the RNA polymerase II mediator complex; associates with core polymerase subunits to form the RNA polymerase II
holoenzyme

SOK1 YDRO06C  Protein whose overexpression suppresses the growth defect of mutants lacking protein kinase A activity, involved in
cAMP-mediated signaling

SPT21 YMR179W  Protein required for normal transcription at several loci including HTA2-HTB2 and HHF2-HHT?2, involved in telomere
maintenance

TAH11 YJR046W  DNA replication licensing factor, required for pre-replication complex assembly

TFB3 YDR460W  Subunit of TFIIH and nucleotide excision repair factor 3 complexes, involved in transcription initiation, required for nucleotide
excision repair

URAS5 YML106W  One of two orotate phosphoribosyltransferase isozymes that catalyze the fifth enzymatic step in de novo biosynthesis of
pyrimidines

URH1 YDR400W  Uridine nucleosidase, cleaves N-glycosidic bonds in nucleosides, involved in recycling pyrimidine deoxy- and ribonucleosides via
the pyrimidine salvage pathway

YSH1 YLR277C  Putative endoribonuclease, subunit of the mRNA cleavage and polyadenylation specificity complex required for 3'-processing of

mRNAs

Interestingly, the PY-NLS sequence of Hrp1 does not exactly
match the consensus proposed by Lee et al. (16) for human
Kapp2 binding; the C-terminal PY-core precisely matches, but
the pattern of upstream basic residues differs from the estab-
lished motif. Combined with the results of Fig. 2C where the
C-terminal PY-core of Hrpl alone can mediate import, this
variability suggests that the requirements for recognition of
yeast PY-NLSs by Kap104 may be slightly less stringent than the
requirements for recognition of a PY-NLS by human Kap32. It
is important to note, however, that the Hrpl PY-core alone
does not mediate proper Hrp1 localization; there is still signif-
icant cytoplasmic signal in addition to the nuclear accumula-
tion. For proteins that require strict nuclear localization, the
C-terminal PY-core may not be sufficient for proper function
even in yeast; however, for many proteins, establishing a
nuclear presence to any degree may be sufficient for the protein
to accomplish its role in the cell. Therefore, we propose that the
minimal PY-NLS in yeast consists of the C-terminal portion of
the human PY-NLS, R/H/KX,_.PY, with upstream basic or
hydrophobic residues enhancing the ability of the NLS to medi-
ate nuclear import.

Given the variability in the evolving definition of the consen-
sus sequence for the PY-NLS, caution should be used in pre-
dicting PY-NLS motifs. However, a preliminary estimate of the
likely prevalence of the PY-NLS in yeast using the consensus
sequence for the minimal yeast PY-NLS as well as the estab-
lished consensus sequences for basic and hydrophobic
PY-NLSs revealed that 24% of the S. cerevisiae proteome and
~25% of the proteins that localize to the nucleus or nucleolus at
steady state contain a putative PY-NLS. Importantly, this anal-
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ysis predicts that Hrp1 should contain a putative PY-NLS, and,
indeed, our studies show that this PY-NLS is functional in vivo.
In contrast, the non-functional PV-containing PY-NLS-like
sequences in Nab2 are not identified in this analysis. If we con-
sider only the longer, more stringent hydrophobic or basic PY-
NLS consensus sequences, ~6% of the yeast proteome and
~5% of the nuclear proteins contain at least one PY-NLS. For
comparison, ~45% of the yeast proteome and ~57% of nuclear
proteins contain a putative classical NLS (12). Obviously, the
prevalence of putative PY-NLS-containing proteins is much
lower than the prevalence of putative cNLS-containing pro-
teins, but the fraction of putative yeast PY-NLS cargos is still
substantial. Examination of the 24 yeast proteins that are
nuclear, contain a putative hydrophobic or basic PY-NLS, and
lack a cNLS revealed that seven are implicated in RNA biogen-
esis or trafficking (Table 2). Many KapB2 cargos are also
involved in RNA processing in higher eukaryotes (16). This
similarity brings up the tantalizing possibility that nuclear
import via a PY-NLS motif may be a feature common to RNA-
related processes in all eukaryotes. However, more functional
analyses of predicted PY-NLS cargos are clearly required before
we can begin to reliably define the contribution of this import
pathway to establishing the nuclear proteome in vivo.
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