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Background: Yeast hexokinase 2 shuttles in and out of nucleus in response to glucose availability.
Results: Hexokinase 2 enters the nucleus by binding Kap60 through a nuclear localization sequence in the presence of Kap95.
Conclusion: The karyopherins Kap60 and Kap95 are necessary for efficient nuclear import of hexokinase 2.
Significance: The current study has identified a new pathway for Hxk2 import into the nucleus.

Hexokinase 2 (Hxk2) from Saccharomyces cerevisiae was one
of the first metabolic enzymes described as a multifunctional
protein. Hxk2 has a double subcellular localization and role, it
functions as a glycolytic enzyme in the cytoplasm and as a regu-
lator of gene transcription of several Mig1-regulated genes in
the nucleus. However, the mechanism by which Hxk2 enters in
the nucleus was unknown until now. Here, we report that the
Hxk2 protein is an import substrate of the carriers �-importin
(Kap60 in yeast) and �-importin (Kap95 in yeast).We also show
that the Hxk2 nuclear import and the binding of Hxk2 with
Kap60 are glucose-dependent and involve one lysine-rich
nuclear localization sequence (NLS), located between lysine 6
and lysine 12.Moreover, Kap95 facilitates the recognition of the
Hxk2NLS1motif by Kap60 and both importins are essential for
Hxk2 nuclear import. It is also demonstrated that Hxk2 nuclear
import and its binding toKap95 andKap60dependon theGsp1-
GTP/GDP protein levels. Thus, our study uncovers Hxk2 as a
new cargo for the �/�-importin pathway of S. cerevisiae.

Transport between the nucleus and cytoplasm ismediated by
soluble receptors that recognize specific cargoes and carry
them through the nuclear pore complex, which are embedded
between the inner and outer nuclear membranes. Whereas the
protein components of the nuclear pore complex are largely
stationary within the pore, soluble transport factors can be
freely exchanged between the nuclear and cytoplasmic com-
partments. The majority of nucleocytoplasmic transport fac-
tors belong to the family of karyopherin proteins (1). In higher
eukaryotes, as well as in the yeast Saccharomyces cerevisiae,
karyopherins that mediate the nuclear import of proteins and
RNAs are generally known as importins (2), whereas those
mediating nuclear export are known as exportins (3). Importins

associate with their macromolecular cargo in the cytoplasm,
either directly or indirectly via adaptor proteins. They dock to
components of the nuclear pore complex (known as nucleo-
porins), translocate to the opposite side of the nuclear envelope,
and release their cargo there. Cargo release is achieved by asso-
ciation of the importins with the GTPase Ran (Gsp1 in yeast) in
the GTP-bound form (Gsp1-GTP). Nuclear export is essen-
tially the reciprocal process, with cargo recognition occurring
in the nucleus in the presence of Gsp1-GTP and cargo com-
plexes dissociating in the cytoplasm upon GTP hydrolysis.
Gsp1 is present at high concentrations in the nucleus in the
GTP-bound form, and mainly in the GDP-bound form in the
cytoplasm (4). This compartmentalization depends on the
localization of proteins that regulate the nucleotide state of
Gsp1. GTP hydrolysis requires a GTPase-activating protein
that is present in the cytoplasm. Conversely, the exchange of
GDP to GTP is catalyzed by a guanine nucleotide exchange
factor that is bound to chromatin in the nucleus (5–7). Impor-
tin � (Kap95 in yeast) was first identified as the transport factor
for proteins carrying classical nuclear localization signals
(NLS),5 such as those of nucleoplasmin or the SV40 T antigen
(8). Importin � hardly ever binds these classical NLSs directly,
but binds importin � (Kap60 in yeast), which in turn binds the
NLS (9).
In S. cerevisiae, hexokinase 2 (Hxk2) is the predominant glu-

cose kinase in cells growing in high-glucose conditions (10),
and it shuttles in and out of the nucleus (11, 12). In the cyto-
plasm, Hxk2 catalyzes glucose phosphorylation at C6, whereas
the nuclear Hxk2 plays a nonclassical role involved in the glu-
cose repression signaling of several Mig1-regulated genes. The
relative abundance of Hxk2 in the nucleus isMig1 and glucose-
dependent (12). Recent data revealed that the mechanism of
Hxk2 sequestration in the nucleus is based on direct Hxk2
interaction with Mig1. This interaction is mediated by a
10-amino acid motif located between Lys-6 and Met-15 of
Hxk2 and serine 311 of Mig1 (12–14). These findings suggest
that the main regulatory role of Hxk2 is caused by its interac-
tion with Mig1 generating a repressor complex located in the
nucleus of S. cerevisiae. In high glucose, nuclear Hxk2 stabilizes
the repressor complex by blocking Mig1 phosphorylation in
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serine 311 by the Snf1 protein kinase. In low glucose, Hxk2
leaves the complex and does not block serine 311 of Mig1 so
Snf1 canphosphorylate it. Under these conditions the repressor
complex is disorganized and Hxk2 and phosphorylated Mig1
leave the nucleus (12, 13).
The mechanism by which Hxk2 leaves the nucleus is Xpo1-

dependent and was recently described (15), but its nuclear
import mechanism is largely unknown. Because Hxk2 is too
large to translocate through the nuclear pore complex by diffu-
sion from the cytoplasm to the nucleus, its transport across the
nuclear envelope must be a mediated process, which may
dependon carrier proteins. In this study,we show that theHxk2
protein is an import cargo of the �/�-importin pathway in S.
cerevisiae. We also show that Hxk2 interacts with Kap95 and
Kap60 directly without the participation of other auxiliary pro-
teins.Moreover, theHxk2-Kap60 interaction is glucose-depen-
dent and requires a NLS in the Hxk2 protein located between
Lys6 and Lys12. We also demonstrate that Hxk2 recognition
occurs in the cytoplasm in the presence ofGsp1-GDPand cargo
complexes dissociate in the nucleus upon the exchange of
GDP/GTP in the Gsp1 protein.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—The S. cerevisiae strains
used throughout this study were derived from W303-1A (16)
and DBY1315 (17) haploid wild type strains and are listed in
Table 1.We created twomutant NLS alleles ofHXK2 bymutat-
ing the HXK2 gene in the YEp352-HXK2 plasmid to generate
HXK2(K6A,K7A,K12A) (encodes Hxk2nls1(Ala) protein) and
HXK2(K406A,K407A,K410A) (encodesHxk2nls2(Ala) protein)
genes using a PCR-basedmutagenesis protocol. TheKanR gene
was inserted into the XbaI site, located in the yeast genome 371
bp from the HXK2 stop codon, of plasmids YEp352-
HXK2nls1(Ala) and YEp352-HXK2nls2(Ala). Then, by using
these constructs, recombination cassettes were obtained by
PCR; these cassettes contained the mutated HXK2 locus and
the KanR marker together with 515 bp from the 5�-genomic
region downstream from the HXK2 gene. These linear DNAs
were integrated into the HXK2 locus of strains DBY1315 and
JCY1410. To confirm the correct insertion, we PCR amplified
the HXK2 locus from strains FMY304, which contains the
HXK2 gene replaced by the HXK2nls1(Ala) gene, FMY305,
which contains theHXK2 gene replaced by theHXK2nls2(Ala)
gene to detect, respectively, the presence of the
HXK2(K6A,K7A,K12A) and HXK2(K406A,K407A, K410A)

mutant alleles by sequencing analysis. FMY306 is a conditional
kap60tsHXK2nls1(Ala) mutant derivative from the JCY1410
strain (18). FMY307 is a conditional xpo1-1�mig1mutant deri-
vate from the xpo1-1 strain (3). Escherichia coli DH5�
(FØ80dlacZ�M15 recA1 endA1 gyrA96 thi-1 hsdR17(rk�rk�)
supE44 relA1 deoR� 99U169) was the host bacterial strain for
the recombinant plasmid constructions.
Yeast cells were grown in the following media: YEPD, high-

glucose (2% glucose, 2% peptone, and 1% yeast extract),
YEPGly, low-glucose (0.05% glucose, 3% glycerol, 2% peptone,
and 1% yeast extract), and synthetic media containing the
appropriate carbon source and lacking appropriate supple-
ments to maintain selection for plasmids (2% glucose (SD) or
3% glycerol and 0.05% glucose (SGly); and 0.67% yeast nitrogen
base without amino acids). Amino acids and other growth
requirements were added at a final concentration of 20–150
�g/ml. The solid media contained 2% agar in addition to the
components described above.
Plasmids—The yeast expression plasmids YEp352-HXK2,

YEp352-HXK2/GFP were constructed as indicated previously
(12). To create Hxk2 mutant alleles Hxk2nls1(Ala) (K6A, K7A,
and K12A) and Hxk2nls2(Ala) (K406A, K407A, and K410A),
plasmids YEp352-HXK2, YEp352-HXK2nes2(Ala), and YEp352-
HXK2/GFP were used as templates in conjunction with oligo-
nucleotides OL1-d, TCATTTAGGTCCAGCAGCACCACA-
AGCCGCAGCGGGTTCCATGGCCGATG; OL1-r, CAT-
CGCCATGGAACCCGCTGCGTTGTGGTGCTGCTGGA-
CCTAAATGA; OL2-d, CTGCTATCTGTCAAGCGAG-
CGGTTCAGCGACCGGTCACATCGCTGC; OL2-r, GCA-
GCGATGTGACCGGTCGCGTAACCGCTCGCTTGACAG-
ATSGCAGC, in the PCR-based site-directed mutagenesis
method (19). All nucleotide changes were verified by DNA
sequencing.
GST fusion vector pGEX-HXK2 was constructed as indi-

cated in Ref. 12. Plasmid pGEX-GSP1 for expression of GST-
Gsp1 in E. coliwas a gift from E. Hurt (20) and plasmids pGEX-
Kap95 and pGEX-Kap60 for expression of GST-Kap95 and
GST-Kap60 in E. coli were gifts fromM. P. Rout (21).
Fluorescence Microscopy—Yeast strains expressing Hxk2-

GFP, Hxk2nes2(Ala)-GFP, Hxk2nes2(Ala)nls1(Ala)-GFP, or
Hxk2nes2(Ala)nls2(Ala)-GFP were grown to early-log phase
(A600 of less than 0.8) in synthetic high-glucose medium (SD-
ura). Half of the culture was shifted to synthetic low-glucose
medium (SGly-ura) for 1 h. The media contained the appropri-

TABLE 1
S. cerevisiae strains used in this study

Name Relevant genotype Source/Ref.

W303-1A Mat� ura3–52 trp1–289 leu2–3,112 his3-�1 ade2–1 can1–100 16
DBY1315 Mat� ura3–52 leu2–3,2–112 lys2–801 gal2 17
DBY2052 Mat � hxk1::LEU2 hxk2–202 ura3–52 leu2–3,2–112 lys2–801 gal2 17
THG1 MAT� leu2–1 ura3–1 lys1–1 hxk1::LEU2 hxk2::LEU2 glk1::LEU2 31
Y03694 Mat� his3-�1 leu2�0 met15 �0 ura3�0 msn5::kanMX4 Euroscarf
B0119B Mat� ura3–52 his3D1 leu2–3_112 trp1–289 nmd5::HIS3 Euroscarf
JCY1410 Mat� ade2–1 ura3–1 his3–11 15 trp16̂3 leu2–3 112 can1–100 srp11–31 18
JCY1407 Mat�, ade2–1 ura3–1, his3–11, 15 trp1–1, leu2–3, 112 can1–100 kap95�::HIS3, pSW509 [CEN LEU],pkap95-L63A 18
FMY304 Mat� ura3–52 leu2–3,2–112 lys2–801 gal2 hxk2::HXK2nls1(Ala) This work
FMY305 Mat� ura3–52 leu2–3,2–112 lys2–801 gal2 hxk2::HXK2nls2(Ala) This work
FMY306 Mat � ade2–1 ura3–1 his3–11 15 trp1 63 leu2–3 112 can1–100 srp11–31 hxk2::HXK2nls1(Ala) This work
FMY307 xpo1::LEU2[pRS313(CEN HIS3) xpo1–1]mig1::kanMX4 This work
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ate carbon source and lacked the appropriate supplements to
maintain selection of plasmids. Cells (25 �l) were loaded onto
poly-L-lysine-coated slides, and the remaining suspension was
immediately withdrawn by aspiration. One microliter of DAPI
(2.5 �g/ml in 80% glycerol) was added, and a covert slide was
placed over themicroscope slide. GFP andDAPI localization in
live cultures wasmonitored by direct fluorescence using a Leica
DM5000Bmicroscope. To avoid the nonlinear range of fluores-
cent signals, cells highly overexpressing GFP-tagged fusion
protein were excluded from further analyses. The localization
of proteinswasmonitored by visual inspection of the images. At
least 100 cells were scored in each of at least three independent
experiments. The distribution of fluorescencewas scored in the
followingway:N, denotes a nuclear fluorescence signal; C, cyto-
plasmic fluorescence signal without nuclear fluorescence sig-
nal. Images representative of the results obtained were shown.
Images were processed in Adobe Photoshop CS.
Statistical Analysis—Data result from at least 3 independent

experiments. Results are shown as the mean � S.E. Statistical
analysis was performed using Statistical Package for the Social
Sciences 15.0 (SPSS). The Kolmogorov-Smirnov test with the
correction of Lilliefors was used to evaluate the fit of the data to
a normal distribution and the test of Levene to evaluate the
homogeneity of variance. Significance was tested by the one-
way analysis of variance test followed by a Turkey’s multiple
range test or Student’s t test to compare sample means. Signif-
icant differences were considered when p � 0.01.
Preparation of Crude Protein Extracts—Yeast protein

extracts were prepared as follows: yeast were grown in 10 to 20
ml of YEPD or synthetic high-glucose medium (SD-ura) at
28 °C to an optical density at 600 nm of 0.8–1.0. Half of the
culturewas shifted toYEPGly or synthetic low-glucosemedium
(SGly-ura) for 1 h. Cells were collected, washed twice with 1 ml
of 1 M sorbitol, and suspended in 500 �l of PBS buffer (150 mM

NaCl, 100 mM Na2HPO4, 18 mM NaH2PO4, pH 7.3). The cells
were broken in the presence of glass beads by one pulse of 20 s
at 6.0 m/s using a FastPrep homogenizer (Thermo Electron
Co.). After centrifugation at 17,000 � g for 15 min at 4 °C, the
supernatant was used as the crude protein extract. After cen-
trifugation at 6,100 � g for 15 min at 4 °C, the supernatant was
used as the crude protein extract in immunoprecipitation and
GST pulldown experiments.
Enzyme Assay—Invertase activity was assayed in whole cells

as previously described (22) and expressed as micromoles of
glucose released per minute per 100 mg of cells (dry weight).
Immunoblot Analysis—Mutant or wild-type yeast cells were

grown to an optical density at 600 nm of 0.8–1.0 in selective
medium containing high-glucose (2%) and shifted to low-glu-
cose conditions for 1 h. The cells were collected by centrifuga-
tion (3,000 � g, 4 °C, 2 min), and crude extracts were prepared
as described above. For Western blotting, 20 to 40 �g of
proteins were separated by SDS-12% polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to a enhanced chemi-
luminescence PVDF transfer membrane (Amersham Bio-
sciences, HybondTM-P) by electroblotting, which was then
incubated with anti-Hxk2, anti-Kap60 (Santa Cruz Biotechnol-
ogy), or anti-Kap95 (Santa Cruz Biotechnology) as primary
antibodies and then the appropriate secondary antibody.

Horseradish peroxidase-conjugated protein-A was used as the
secondary reactant. The West Pico Chemiluminescent system
(Pierce) was used for detection.
Co-immunoprecipitation Assay—Immunoprecipitation exper-

iments were performed using whole cell extracts from different
strains. The extracts were incubated with anti-Kap60, anti-
Kap95, or anti-Pho4 polyclonal antibodies for 3 h at 4 °C. Pro-
tein A-Sepharose beads (GE Healthcare) were then added and
incubated for 3 h at 4 °C in a spinning wheel. After extensive
washing with PBS buffer, immunoprecipitated samples were
boiled in SDS-loading buffer (50 mM Tris-HCl, pH 6.8, 100 mM

DTT, 2% SDS, 0.1% bromphenol blue, 10% glycerol). The
supernatant was subjected to 12% SDS-PAGE. The proteins
were transferred to an enhanced chemiluminescence PVDF
membrane and immunoblotted as described above using anti-
Hxk2 polyclonal antibody. Values shown are representative
results from individual experiments.
GST Pulldown Experiments—E. coli cells from the BL21(DE3)

pLysS strainwere transformedwith fusionprotein expressionvec-
tors pGEX-KAP95 or pGEX-KAP60. Cells were grown to A600
0.5–0.8, induced with 0.5 mM isopropyl 1-thio-�-D-galactopyra-
noside at 37 °C for 3 h, and collected by centrifugation. Cell pellets
were resuspended inPBSbuffer (150mMNaCl, 100mMNa2HPO4,
18 mM NaH2PO4, pH 7.3) and sonicated. Insoluble material was
removed by centrifugation (17,000� g for 20min at 4 °C). Soluble
extract was incubated with glutathione-Sepharose 4B beads (GE
Healthcare) for1hat4 °C,washedextensivelywithPBSbuffer, and
resuspended in the samebuffer. TheKap95-GSTandKap60-GST
fusion proteins coupled to glutathione-Sepharose were incubated
with yeastwhole cell extracts from thewild-type andmutant yeast
strains expressing, respectively, Hxk2, HXK2nls1(Ala) or
Hxk2nls2(Ala) proteins, for 1 h at 4 °C in PBS buffer. The cell
extracts were obtained from yeast cells grown in YEPD medium
containing high glucose (2%) and shifted to 0.05% glucose plus 3%
glycerol (low glucose) for 1 h. Beadswere gently washed five times
with 2.5ml of PBS buffer, boiled in 25�l of sample loading buffer,
and analyzed by SDS-PAGE followed byWestern blot using anti-
Hxk2 antibodies and horseradish peroxidase-conjugated pro-
tein-A. Bound antibodies were detected using the West Pico
chemiluminescent system (Pierce).
GST fusion protein expression vectors pGEX-HXK2 and

pGEX-GSP1 were transformed into E. coli strain BL21(DE3)
pLysS. Cells were grown to A600 0.5–0.8, induced with 0.5 mM

isopropyl 1-thio-�-D-galactopyranoside at 37 °C for 3 h, and
collected by centrifugation. Cell pellets were resuspended in
PBS buffer and sonicated. The GST-Hxk2 and GST-Gsp1
fusion proteins coupled to glutathione-Sepharose beads were
incubated with 2.5 units of thrombin (2 h at 4 °C) for site-spe-
cific separation of the GST affinity tag from Hxk2 and Gsp1
proteins. Affinity purified Gsp1 was immediately loaded with
GTP or GDP by adding 30 mM K2PO4 (pH 7.5), 1 mM GTP or 1
mM GDP, and 10 mM EDTA (pH 8.0), incubating at room tem-
perature for 1 h, adding 20 mM magnesium acetate, incubating
on ice for 30 min, and freezing at �80 °C (20). Gsp1-mediated
Kap95-Kap60 interactions with Hxk2 were analyzed by incu-
bating purifiedHxk2withGST-Kap95 or GST-Kap60 bound to
glutathione-Sepharose beads in the presence of Gsp1(GTP) or
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Gsp1(GDP) for 1 h at 4 °C in PBSbuffer. Beadswerewashed and
analyzed as described above.

RESULTS

The Nuclear Import Proteins Msn5 (Kap142) and Nmd5
(Kap119) Are Not Essential for Hxk2 Nuclear Import—In con-
trast to the fairly well defined Hxk2 export system (15), the
mechanism underlying Hxk2 translocation from the cytoplasm
to the nucleus in high-glucose conditions is still unknown. We
have tested the possible role of Msn5 and Nmd5 in Hxk2
nuclear import. Msn5, an import-export protein, has been
shown to be involved in the export of Mig1 from the nucleus to
the cytoplasm in response to glucose removal (23). Nmd5 is a
classical import factor implicated in the nuclear import of some
stress response proteins like Hog1 and Crz1 (24, 25). Because
the Hxk2nes2(Ala)-GFP mutant protein shows nuclear accu-
mulation in both high- and low-glucose conditions because it is
unable to interact with the export factor Xpo1 (15), we have
determined the Hxk2nes2(Ala)-GFP nuclear accumulation in
�msn5 and �nmd5 mutants cells. Wild-type cells and �msn5
and�nmd5mutants cells show identical nuclear distribution to
Hxk2nes2(Ala)-GFP growing at high- or low-glucose condi-
tions. The Hxk2nes2(Ala)-GFP mutant protein accumulates in
the nucleus in high-glucose conditions and it keeps its nuclear
location after glucose exhaustion (Fig. 1). These results demon-
strate thatHxk2nes2(Ala)-GFP can enter into the nucleus in the
wild-type cells and both mutants, so Msn5 and Nmd5 are not
implicated in Hxk2 nuclear import.
Mig1Does Not Participate inHxk2Nuclear Import—In high-

glucose conditions Hxk2 interacts withMig1 to generate a glu-
cose repressor complex in the nucleus. After glucose exhaus-
tion, bothMig1 andHxk2 exit the nucleus (12, 13). Because the

nucleocytoplasmic traffic of bothHxk2 andMig1 is glucose-de-
pendent we have studied whether Mig1 is required for Hxk2
nuclear import. As can be seen in Fig. 2a, in �mig1 cells, the
fluorescent Hxk2nes2(Ala)-GFP protein does not shuttle
between the nucleus and cytoplasm, it presents a constitutive
nuclear location not affected by glucose levels. To confirm this
result, we have also generated a novel mutant xpo1–1 �mig1 to
study the subcellular location of Hxk2-GFP in the presence of a
defective Xpo1-dependent nuclear export pathway. The
xpo1–1 �mig1 double mutant cells were grown at the permis-
sive temperature (25 °C) and then shifted to 37 °C (nonpermis-
sive temperature) for 1 h. No accumulation of Hxk2 was
detected in the nuclei of cells grown at the permissive temper-
ature (Fig. 2b), andHxk2-GFP showed identical subcellular dis-
tribution in a wild-type strain (15) in both high- and low-glu-
cose conditions. However, in cells shifted to the nonpermissive
temperature, an accumulation of Hxk2 in the nuclei of cells was
already observed after 1 h of culture in high- (74%) and low
(72%)-glucose conditions (Fig. 2b). This nuclear location of the
protein demonstrates that Hxk2-GFP is able to enter the
nucleus in the absence ofMig1. Thus, these results suggest that
Mig1was not required forHxk2nuclear import and support the
idea that both proteins enter the nucleus independently to form
the SUC2 repressor complex in the nucleus when there is a
high-glucose level in the medium.
Nuclear Import of Hxk2 Is Altered in kap60ts and kap95ts

Mutants—Kap60 normally binds proteins through a highly
basic stretch within their N terminus, resulting in the recruit-
ment of Kap95 and formation of a heterotrimer complex that
facilitates nuclear import. The carrier Kap60 recognizes two
classes of NLSs matching the consensus K(K/R)X1–3(K/R)1–2
and (K/R)(K/R)X1-3(K/R)X10–12(K/R)3–5. The first class,
known asmonopartiteNLS, have a single cluster of basic amino
acid residues and the second class, known as bipartite NLS,
have two clusters of basic amino acids separated by a 10–12-
amino acid linker (26). Because Hxk2 presents two suchmono-
partite NLS motives, 6KKPQARK12 (NLS1) and 406KRGYK410

(NLS2), we hypothesized that the Kap60-Kap95 complex may
mediate the nuclear import of Hxk2. To test this, we analyzed
the subcellular localization of Hxk2nes2(Ala)-GFP in tempera-
ture-sensitive kap60 and kap95 mutant cells. The kap60 and
kap95 mutants were grown at the permissive temperature
(25 °C) in high-glucose conditions and then shifted to 37 °C
(nonpermissive temperature) for 1 and 5 h. A similar accumu-
lation of Hxk2 was detected in the nuclei of wild-type, kap60
and kap95 mutant cells grown at the permissive temperature
(Fig. 3). However, in kap60 and kap95mutant cells incubated at
the nonpermissive temperature, no nuclear accumulation of
Hxk2 was observed after 1 and 5 h of culture (Fig. 3).
Mapping ResiduesNecessary forNLS Function—Nextwe deter-

mined whether the two putative NLS sequences of Hxk2 are nec-
essary for the entry of Hxk2 to the nucleus. For this aim, we per-
formed a mutational analysis inside the putative NLSs sequences
to confirm its functionality. The presence of basic amino acids
such as lysine and arginine appears to be an important feature of
the NLSs (26). Thus, we created two HXK2nes2(Ala)-GFP
mutants in which the basic residues of NLS1 and NLS2 were

FIGURE 1. Localization of Hxk2nes2(Ala) in �hxk1�hxk2, �msn5, and
�nmd5 yeast cells. The DBY2052, Y03694, and B0119B strains expressing
Hxk2nes2(Ala)-GFP from plasmid YEp352-HXK2nes2(Ala)-GFP were grown in
high-glucose synthetic medium (H-Glc) until an A600 nm of 1.0 was reached
and then transferred to low-glucose synthetic medium (L-Glc) for 60 min. Cells
were stained with DAPI and imaged for GFP and DAPI fluorescence. The
nuclear localization of the Hxk2nes2(Ala)-GFP protein was determined in at
least 100 cells per growth condition. No statistically significant differences
were detected between mutants.
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replaced with alanine residues to generate HXK2nes2(Ala)-
K6AK7AK12A-GFP (coding for Hxk2nes2(Ala)nls1(Ala)-GFP
protein) and HXK2nes2(Ala)K406AR407AK410A-GFP (coding

Hxk2nes2(Ala)nls2(Ala)-GFP protein) genes. The analysis of
intracellular localization of the different Hxk2 variants by fluores-
cent microscopy showed that the Hxk2nes2(Ala)nls2(Ala)-GFP
fusion protein accumulated in the nuclei of �hxk2 mutant cells
expressing the HXK2nes2(Ala)K406AR407AK410A-GFP mutant
allele both at high- and low-glucose conditions. However, the
Hxk2nes2(Ala)nls1(Ala)-GFP protein was excluded from the
nuclei of �hxk2 mutant cells carrying the HXK2nes2(Ala)-
K6AK7AK12A-GFP mutant allele (Fig. 4a). Our data show that
cells expressing the Hxk2nes2(Ala)nls2(Ala)-GFP mutant allele
showed nuclear accumulation of Hxk2-GFP similar to that found
in aHxk2nes2(Ala) strain (68 and 67%, respectively). Because cells
expressing theHxk2nes2(Ala)nls1(Ala)-GFP lost theHxk2nuclear
import function, thenls1(Ala)mutation is strongly defective caus-
ing an import defect in 90% of the cells (Fig. 4a).
Taken together, these results demonstrate that Lys6, Lys7,

and/or Lys12 are critical amino acid residues in the Hxk2 NLS1
sequence. Moreover, because the nes2(Ala) mutation did not
affect Hxk2 import because it does not decrease its nuclear
accumulation, our data suggest that only the NLS1 motif is
necessary for efficient nuclear import of Hxk2-GFP in vivo.
Furthermore, the Hxk2nls1(Ala) mutant protein is catalyti-
cally functional because it confers glucose and fructose
growth capacity to a triple sugar kinase mutant strain
(�hxk1�hxk2�glk1) (Fig. 4b), but did not restore the glucose
repression capacity to a�hxk1�hxk2 doublemutant strain (Fig.
4c). These data suggest that the Hxk2nls1(Ala) protein has
lost the Hxk2 nuclear import function and therefore is defec-
tive in glucose repression signaling. These results are con-
sistent with the idea that Kap60 and Kap95 proteins partic-
ipate in Hxk2 nuclear import and prompted us to further

FIGURE 2. Localization of Hxk2nes2(Ala) in �mig1 and xpo1–1�mig1 yeast cells. a, the �mig1 strain expressing Hxk2nes2(Ala)-GFP from plasmid YEp352-
HXK2nes2(Ala)-GFP was grown in high-glucose synthetic medium (H-Glc) until an A600 nm of 1.0 was reached and then transferred to low-glucose synthetic
medium (L-Glc) for 60 min. Cells were stained with DAPI and imaged for GFP and DAPI fluorescence. Nuclear localization of the Hxk2nes2(Ala)-GFP protein was
determined in at least 100 cells per growth condition. Error bars represent mean � S.D. for three independent experiments. b, the xpo1–1�mig1 double mutant
strain expressing Hxk2-GFP, from plasmid YEp352-HXK2/GFP, were grown in high-glucose synthetic medium (H-Glc) until an A600 nm of 1.0 was reached and
then transferred to low-glucose synthetic medium (L-Glc). The cells were grown at 25 °C (permissive temperature) and then shifted to 37 °C (nonpermissive
temperature) for 1 h. The localization of Hxk2-GFP was analyzed by fluorescence microscopy (GFP). Nuclear DNA was stained with DAPI. Nuclear localization of
the Hxk2-GFP protein was determined in at least 100 cells per growth condition. No statistically significant differences were detected between mutants.

FIGURE 3. Nuclear import of Hxk2-GFP is inhibited in xpo1–1 cells at the
nonpermissive temperature. The DBY2052, kap60ts, and kap95ts strains
expressing Hxk2nes2(Ala)-GFP, from plasmid YEp352-HXK2nes2(Ala)/GFP,
were grown in high-glucose synthetic medium (H-Glc) until an A600 nm of 1.0
was reached and then transferred to low-glucose synthetic medium (L-Glc).
The cells were grown at 25 °C (permissive temperature) and then shifted to
37 °C (nonpermissive temperature) for 1 h. Cells were stained with DAPI and
imaged for GFP and DAPI fluorescence. Nuclear localization of the
Hxk2nes2(Ala)-GFP protein was determined in at least 100 cells per growth
condition from 3 different experiments. *, statistically significant differences
25 versus 37 °C in Kaps mutants, p � 0.01.
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define the possible role of these carriers in Hxk2 nuclear
trafficking.
Hxk2 Interacts with Kap60 and Kap95—To test whether

Hxk2 binds to Kap60 and Kap95 in vivowe have used an immu-
noprecipitation assay in cells expressing Hxk2, Hxk2nls1(Ala),
or Hxk2nls2(Ala) as the only Hxk2 protein. Cell extracts from
wild-type (Hxk2), FMY304 (Hxk2nls1(Ala)), or FMY305
(Hxk2nls2(Ala)) strains were immunoprecipitated with anti-
Kap60 and anti-Kap95 antibodies. The resulting immunopre-
cipitates were assayed for the presence of Hxk2, Hxk2nls1(Ala),
and Hxk2nls2(Ala) by immunoblot analysis with anti-Hxk2
antibodies. As shown in Fig. 5a, a specific Hxk2 signal was

observed with samples immunoprecipitated with an anti-
Kap60 antibody in the strains expressing wild-type Hxk2 and
Hxk2nls2(Ala) mutant proteins; no signals were observed
when the experiment was done using the strain expressing
the Hxk2nls1(Ala) although, as can be seen in Fig. 5a, both
Hxk2nls1(Ala) and Hxk2nls2(Ala) proteins are recognized
by the anti-Hxk2 antibody. Moreover, because the interac-
tion between wild-type Hxk2 and Kap60 proteins was stron-
ger with samples from high-glucose grown cultures than
from low-glucose cultures, our data suggest that the high-
glucose condition increases the affinity of Hxk2 for the
import receptor.

FIGURE 4. Identification of Hxk2 NLSs. a, the DBY2052 (�hxk1�hxk2) mutant strain was transformed with plasmids YEp352-HXK2nes2(Ala)nls1(Ala)/GFP and
YEp352-HXK2nes2(Ala)nls2(Ala)/GFP. Transformed cells were grown in high-glucose synthetic medium (H-Glc) until an A600 nm of 1.0 was reached and then
transferred to low-glucose synthetic medium (L-Glc) for 60 min. The cells were visualized by fluorescence microscopy, DAPI staining revealed nuclear DNA.
Nuclear localization of fluorescent reporter proteins was determined in at least 100 cells in three independent experiments. Mean � S.D. are shown for at least
three independent experiments. *, statistically significant differences between groups, p � 0.001. b, the THG1 (�hxk1�hxk2�glk1) triple mutant strain was
transformed with the YEp352-HXK2nls1(Ala) plasmid and grown overnight in synthetic media with galactose (2%) as carbon source (SGal ura�). 5-Fold serial
dilutions of a 1.0 A600 overnight culture were plated on SFru ura� (fructose, 2%) medium and SD ura� medium and photographed after 48 h. c, the �hxk1�hxk2
double mutant strain was transformed with YEp352, YEp352-HXK2, YEp352-HXK2nls1(Ala), and YEp352-HXK2nls2(Ala) plasmids. Transformed cells were grown
in high-glucose synthetic medium until an A600 nm of 1.0 was reached. Invertase activity was assayed in whole cells. Values are the averages of results obtained
on four independent experiments. *, statistically significant differences between groups, p � 0.01.
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As shown in Fig. 5b, a specificHxk2 signalwas observed, both
at high- and low-glucose conditions, with samples immunopre-
cipitated with an anti-Kap95 antibody in strains expressing
wild-type Hxk2, Hxk2nls1(Ala), or Hxk2nls2(Ala) mutant pro-
teins. However, the signals observed both under high- and low-
glucose conditions, with the Hxk2nls1(Ala) were much weaker
than those observed with the wild-type Hxk2 or the
Hxk2nls2(Ala) mutant proteins. Moreover, similar amounts of
Kap60 and Kap95 proteins were detected in the immunopre-
cipitates when anti-Kap60 and anti-Kap95 antibody was,
respectively, used. Similar amounts of the Hxk2 proteins were
also detected in different protein extracts used by immunoblot
analysis with an anti-Hxk2 antibody (Fig. 5, a and b). When an
anti-Pho4 antibody was used to detect unspecific immunopre-
cipitation no signals were observed.
Thus, the Hxk2-Kap60 interaction is both glucose and NLS1

motif dependent. Whereas, the Hxk2-Kap95 interaction was
detected both at high- and low-glucose conditions, which sug-

gest that both proteins interact in a manner not regulated by
glucose. Identical results were observed when the cell extracts
were immunoprecipitated with an anti-Hxk2 antibody and the
resulting immunoprecipitates were assayed for the presence of
Kap60 or Kap95 proteins by immunoblot analysis with the cor-
responding antibodies (data not shown).
To confirm the in vitro interaction of Hxk2 with Kap60 and

Kap95, we also employed the GST pulldown technique. We
used crude protein extracts from Hxk2, Hxk2nls1(Ala), or
Hxk2nls2(Ala) producing strains and bacterially produced
GST-Kap60 and GST-Kap95 fusion proteins. As shown in Fig.
6a, a clear retention of the Hxk2 protein was observed, both at
high- and low-glucose conditions, for the sample containing
GST-Kap60 and crude extract from strains expressing thewild-
type Hxk2 or Hxk2nls2(Ala) proteins. No retention was
detected with extracts obtained from the Hxk2nls1(Ala) pro-
ducing strain grown under both high- and low-glucose condi-
tions. Thus the NLS1 motif of Hxk2 is required for the Hxk2-

FIGURE 5. Interaction of Kap60 and Kap95 with Hxk2. In vivo co-immunoprecipitation of Kap60 (a) and Kap95 (b) with Hxk2, Hxk2nls1(Ala), and Hxk2nls2(Ala).
The wild-type, FMY304, and FMY305 strains were grown in YEPD media until an A600 nm of 0.8 was reached and then shifted to high (H-Glc) and low (L-Glc)
glucose conditions for 1 h. The cell extracts were immunoprecipitated with a polyclonal anti-Kap60 or anti-Kap95 antibodies (lanes 1– 6), or a polyclonal
antibody to Pho4 (lanes 7–9). Immunoprecipitates were separated by 12% SDS-PAGE, and co-precipitated Hxk2 variants were visualized on a Western blot with
monoclonal anti-Hxk2 antibody. The level of immunoprecipitated Kap60 or Kap95 in the blotted samples was determined by using anti-Kap60 and anti-Kap95
antibodies, respectively. The level of Hxk2 present in the different extracts used in Fig. 5, a and b, was determined by Western blot using anti-Hxk2 antibody.
The Western blots shown are representative of results obtained from four independent experiments.
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Kap60 interaction. These results also confirm that the
interaction between Hxk2 and Kap60 proteins is stronger
under high-glucose than under low-glucose conditions and
suggest that both proteins interact in a glucose-dependent
manner. As shown in Fig. 6b, when crude protein extracts from
Hxk2, Hxk2nls1(Ala), or Hxk2nls2(Ala) producing strains and
bacterially produced GST-Kap95 fusion protein were used in
GST pulldown experiments, identical results to that shown in
Fig. 5b were obtained. In this case, we also detected weaker
signals with the Hxk2nls1(Ala) mutant protein than those
observedwith thewild-typeHxk2 or theHxk2nls2(Ala)mutant
protein. When a control with the GST protein in the reaction
mixture was used, no signal of Hxk2, Hxk2nls1(Ala), or
Hxk2nls2(Ala) was observed.

We conclude that consistent with the inability of the
Hxk2nes2(Ala)nls1(Ala) mutant to enter the nucleus in vivo
(Fig. 4a), the mutants lacking the NLS1 were unable to bind to
the Kap60 importin (Figs. 5a and 6a). Thus, these results dem-
onstrate that the Hxk2-Kap60 interaction crucially depends on
the identified NLS1 sequence of Hxk2. Moreover, because the

interaction between thewild-typeHxk2 andKap60was system-
atically stronger with samples from high-glucose grown cul-
tures than from low-glucose cultures, our data suggests that the
high-glucose condition increases the affinity of Hxk2 for the
import receptor.
The Interaction between Hxk2 and Kap60 Is Altered in

kap95ts Mutants—Whereas our data suggest that both Kap60
and Kap95 functions are required for efficient import of an
Hxk2 cargo to the nucleus, these data do not address whether
the role of Kap60 or Kap95 is necessary for the importin-Hxk2
interaction. To determine whether the kap95ts and kap60ts
mutations alter the ability ofHxk2 to interact, respectively, with
Kap60 and Kap95, we employed the GST pulldown technique.
First, we used crude protein extracts from kap60ts mutant
strains producing Hxk2 or Hxk2nls1(Ala) proteins and bacteri-
ally produced GST-Kap95 fusion protein, to determine the
Hxk2-Kap95 interaction in the absence of a Kap60 functional
protein. As shown in Fig. 7a, similar interaction patterns
between Hxk2, Hxk2nls1(Ala), and Kap95 proteins were
observed in kap60ts mutant cells at the restrictive temperature

FIGURE 6. GST pulldown assays of the interaction of Kap60 and Kap95 with Hxk2. The GST-Kap60 (a) and GST-Kap95 (b) fusion proteins were purified on
glutathione-Sepharose columns. Equal amounts of GST-Kap60 and GST-Kap95 were incubated with cell extracts from wild-type, FMY304, and FMY305 strains.
The yeast strains were grown in YEPD media until an A600 nm of 0.8 was reached and then shifted to low (L-Glc) glucose conditions for 1 h. After exhaustive
washing the proteins were separated by 12% SDS-PAGE, and retained Hxk2 variants were visualized on a Western blot with polyclonal anti-Hxk2 antibody
(lanes 1– 6). For the control samples, GST protein was also incubated with the high-glucose (H-Glc) cell extracts, but no signals were detected (lanes 7–9). The
level of Hxk2 present in the different extracts used in a and b was determined by Western blot using anti-Hxk2 antibody. The Western blots shown are
representative of results obtained from four independent experiments.
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and in wild-type cells at both 28 and 37 °C. Second, we used
crude protein extracts from kap95ts mutant strain producing
the Hxk2 protein and bacterially produced GST-Kap60 fusion
protein, to determine the Hxk2-Kap60 interaction in the
absence of a Kap95 functional protein. Interestingly, in the
absence of the Kap95 functional protein theHxk2-Kap60 inter-
action is completely abolished at both high- and low-glucose
conditions (Fig. 7b). These results suggest that the Kap95 pro-
tein performs an important role in theHxk2-Kap60 interaction,
which is also dependent on theNLS1motif ofHxk2 and glucose
levels in the culture medium.
“In Vitro” Formation of the Import Complex—In recent

years, a great deal of evidence has supported the idea that
Kap95 and Kap60 bind cooperatively to Gsp1(GDP) and its
import cargo, leading to the formation of a tetrameric trans-

port complex in the cytoplasm. Once in the nucleus, GDP/
GTP exchange induced by guanine nucleotide exchange fac-
tors promotes the import complex dissociation, thereby
liberating cargo and the carriers that can return to the cyto-
plasm for another round of import. Thus the classical impor-
tin-�/� pathway uses the Gsp1-GTP/GDP cycle to control
transport directionality (27). To reconstruct the import
complex in vitro and study how the different factors affect
the Hxk2-Kap60 and -Kap95 interaction affinity, we per-
formed GST pulldown experiments with purified proteins.
We used GST-Hxk2, GST-Gsp1, GST-Kap95, and GST-
Kap60 fusion proteins from E. coli lysates. The GST-fused
proteins were immobilized with glutathione-Sepharose and
purified with thrombin. First, we immobilized GST-Kap60
on glutathione-Sepharose beads and analyzed the binding of

FIGURE 7. GST pulldown assays of the interaction of Kap60 and Kap95 with Hxk2 in the absence of functional Kap95 and Kap60 proteins, respectively.
The GST-Kap95 and GST-Kap60 fusion proteins were purified on glutathione-Sepharose columns. a, equal amounts of GST-Kap95 were incubated with cell
extracts from wild-type, JCY1410 (kap60ts), and FMY306 (kap60tsHxk2nls1(Ala)) strains. b, equal amounts of GST-Kap60 were incubated with cell extracts from
wild-type and JCY1407 (kap95ts) strains. The yeast strains were grown in YEPD media until an A600 nm of 0.8 was reached and then shifted to low (L-Glc) glucose
conditions for 1 h. The wild-type strain was grown at 28 °C and the mutant cells were grown at 25 °C (permissive temperature) and then shifted to 37 °C
(nonpermissive temperature) for 5 h. After exhaustive washing the proteins were separated by 12% SDS-PAGE, and the retained Hxk2 variants were visualized
on a Western blot with polyclonal anti-Hxk2 antibody. For the control samples, GST protein was also incubated with the high-glucose (H-Glc) cell extracts, but
no signals were detected. The level of Hxk2 present in the different extracts used in a and b was determined by Western blot using anti-Hxk2 antibody. The
Western blots shown are representative of results obtained from four independent experiments.
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Hxk2 to Kap60. Our results indicate that purified Hxk2 has a
strong affinity for Kap60 (Fig. 8a, lane 2). Moreover, as
expected for an importin-type receptor, the complex forma-
tion between Kap60 and Hxk2 is regulated by the guanine
nucleotide-binding protein Gsp1. Our data indicate that the
Hxk2-Kap60 complex is formed with equal readiness in the
presence or absence of Gsp1-GDP (Fig. 8a, lanes 2 and 4).
However, the presence of Gsp1-GTP facilitates the dissoci-
ation of the complex between Hxk2 and Kap60 (Fig. 8a, lane
3). Second, we studied the interaction of Hxk2 with Kap95,
as can be seen in Fig. 8b, purified Hxk2 has a strong affinity
for Kap95 in the absence or presence of Gsp1(GDP) (lanes 2
and 4). However, the presence of Gsp1(GTP) decreases the
affinity of Hxk2 for Kap95 (lane 3).

Furthermore, when we tried to reconstruct the quaternary
import complex by using GSP-Kap95 immobilized with glu-
tathione-Sepharose and Hxk2, Gsp1(GTP/GDP), and Kap60
purified proteins, we obtained interesting results represent-
ing the whole quaternary import complex reconstructed in
vitro. Our data demonstrate that the Kap95-Hxk2 interac-
tion in the presence of Kap60 is still regulated by the Gsp1-
GTP/GDP cycle. The Hxk2-Kap95 interaction signal is less
intense in the presence or absence of Gsp1-GDP (Fig. 8b,
lanes 5 and 7), but it is absolutely absent in the presence of
Gsp1-GTP. This experiment suggests that a quaternary
complex between Kap95, Kap60, Gsp1, and Hxk2 is formed
in a cooperative way in vitro. Moreover, the complex forma-
tion is controlled by the GDP/GTP-bound state of Gsp1,

because loading of Gsp1 with GTP disrupts the formation of
the import complex.

DISCUSSION

In the glucose-repression signaling pathway, two major
mediators are the proteins, Mig1 and Hxk2. In high-glucose
growth conditions, nuclear Hxk2 interacts both with Mig1 and
the Snf1 subunit of the Snf1 protein kinase complex to establish
the repression state of several genes. Hxk2 interacts strongly
with Mig1 in high glucose-grown cells and previous findings
implicate serine 311 of Mig1 as a critical residue for this inter-
action (13). In low-glucose grown cells, the Hxk2 interaction
with Mig1 is abolished and a transient increase in interaction
between Snf1 andMig1was detected (28). This interaction pat-
tern potentially stimulates Mig1 phosphorylation by the Snf1
kinase at serine 311 and this phosphorylation results in most
Mig1 being exported from the nucleus to the cytoplasm. Simul-
taneously, Hxk2 was no longer retained in the nucleus and
accumulates in the cytoplasm too. Thus,Hxk2 shuttles between
the nucleus and cytoplasm in response to glucose availability.
Recently, the mechanism of nuclear Hxk2 export has been
reported (15), but the Hxk2 nuclear import mechanism
remains to be established.
This study shows that nuclear import of Hxk2 is not medi-

ated by importins Nmd5 and Msn5, because deletion of both
nonessential proteins does not abolish the import of Hxk2 to
the nucleus. AlthoughMig1 interacts withHxk2 in the nucleus,
Mig1 does not need to form a complex with Hxk2 to enter the

FIGURE 8. The import Hxk2-Kap60-Kap95 complex formation. GST pulldown assays of the effect of Gsp1 on the Hxk2-Kap60 (a) and Hxk2-Kap95 (b)
interaction stability. GST-Hxk2, GST-Gsp1, and GST-Kap60 fusion proteins were purified on glutathione-Sepharose columns and incubated with thrombin to
isolate Hxk2, Gsp1, and Kap60 proteins, respectively. The Gsp1 protein was loaded with GTP to generate Gsp1(GTP), or with GDP to generate Gsp1(GDP). The
Hxk2 protein was incubated with purified GST-Kap60 or GST-Kap95 bound to glutathione-Sepharose beads in the presence of Gsp1(GTP) and Gsp1(GDP) in the
absence or presence of Kap60 purified protein (lanes 5–7). The beads were washed extensively. Co-precipitated proteins were resolved by 12% SDS-PAGE and
visualized on a Western blot with polyclonal anti-Hxk2 antibody.
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nucleus because Hxk2 is found in the nucleus in an xpo1–
1�mig1 double mutant (13, 29). In this work, we determined
that functional Kap60 and Kap95 proteins are required for
Hxk2 to enter the nucleus. Moreover, the Lys6, Lys7, and Lys12
amino acids of Hxk2 (NLS1 motif) were also required for Hxk2
to enter the nucleus, and the change of these lysines to alanines
reduced the invertase repression capacity of Hxk2nls1(Ala),
because the protein is essentially excluded from the nucleus.
Several NLS-cargoes transported by the Kap60/Kap95 system
have been identified so far (30); however, only a few studies
have shown which sequences within the transported protein-
mediated interaction and rigorous evidence for a direct inter-
action between �-importin Kap60, �-importin Kap95, and
cargo is usually not provided.Wedemonstrate in this study that
Hxk2 associates with both Kap60 and Kap95 in protein immu-
noprecipitation and pulldown experiments from yeast cell
lysate.We also demonstrate that diminution of either Kap60 or
Kap95 function prevented Hxk2 from entering the nucleus.
The Hxk2 protein directly interacts with �-importin Kap60

and the �-importin Kap95 both at high- and low-glucose con-
centrations; however, a strong signal was consistently detected
in samples from cells grown in high-glucose medium and no or
very weak interaction was observed between Kap60 and Hxk2
proteins under low-glucose growth conditions. Moreover, no
interaction was observed between Kap60 and the
Hxk2nls1(Ala) mutant protein, in neither high- nor low-glu-
cose conditions, and this indicates that the NLS1 motif is nec-
essary for interaction between Kap60 and Hxk2. The interac-
tion affinity between Hxk2 and Kap95 is similar under high-
and low-glucose growth conditions. However, although the
NLS1 motif of Hxk2 is not required for the Hxk2nls1(Ala)-
Kap95 interaction, theKap95 protein is essential for interaction
between Hxk2 and the �-importin Kap60.
A potentially interesting observation alsomade in this report

is the role of the NLS2 motif of Hxk2 in Kap60 and Kap95
interactions. Although interaction of the wild-type Hxk2 with
Kap60 is glucose regulated, the interaction between
Hxk2nls2(Ala) and Kap60 is constitutive. Moreover, the NLS2
mutation increases the affinity between Hxk2 and Kap95 as
shown Fig. 6b. Thus, although the NLS2 motif of Hxk2 in not
required for nuclear import it may be an important tool to help
in the understanding of the regulation of the Hxk2 nucleocyto-
plasmic shuttling.
Our data suggest that Hxk2 probably enters the nucleus via

the canonical route of binding the �-importin Kap60 through
the N-terminal basic amino acid NLS on Hxk2. To achieve this
interaction the presence of �-importin Kap95 that is essential
for recruitment of the Hxk2 protein in the correct orientation
to the ternary complex is necessary. Then, the tripartite protein
complex could be recognized by the nuclear pore for transport
into the nucleus. Moreover, we have reconstructed from bacte-
rially produced proteins theHxk2 import complex in vitro. Our
GST pulldown assay data, obtained by using the purified pro-
teins, suggest that the Hxk2-Kap60-Kap95 ternary complex is
stable in the presence of Gsp1(GDP) as happens in the cyto-
plasm. However, the complex is disrupted in the presence of
high levels of Gsp1(GTP), a condition that occurs in the
nucleus. Thus, efficient dissociation of the Hxk2-Kap60-Kap95

complex is mediated primarily by Gsp1(GTP), which displaces
Hxk2 from the�/�-importin receptor. These experiments, per-
formed using purified proteins from bacteria, also exclude the
possibility that some unknown protein(s) in the yeast extract
could mediate the interaction between the Hxk2 protein and
the Kap60 or Kap95 proteins.
The current study has identified a new pathway for Hxk2

import into the nucleus. Hxk2 directly binds the �- and �-im-
portins, and together they form a complex to allow transit of
Hxk2 through the nuclear pore. Kap95 facilitates recognition of
theHxk2NLS1motif byKap60 andboth importins are essential
for Hxk2 nuclear import. In addition, we found that Kap60 and
Kap95 forma stable complexwithHxk2 in the cytoplasmwhere
the level of Gsp1(GTP) is low. After translocation into the
nucleus where Gsp1(GTP) is high, this complex is dissociated
via a mechanism that includes binding of Gsp1(GTP) to the
�/�-importins complex. It has been shown recently that Xpo1
is the export receptor forHxk2 (15). Here, we show that Kap60/
Kap95 serve as the import receptors. This work completes the
mechanisms by which Hxk2 enters and exits from the nucleus
in S. cerevisiae. The regulatory mechanisms that operate in the
nuclear import-export cycle of Hxk2 remain to be determined.
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