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Two high copy suppressors of temperature-sensitive TATA-binding
protein (TBP) mutants were isolated. One suppressor was TIF51A,
which encodes eukaryotic translation initiation factor 5A. The
other high copy suppressor, YGL241W, also known as KAP114, is
one of 14 importin/karyopherin proteins in yeast. These proteins
mediate the transport of specific macromolecules into and out of
the nucleus. Cells lacking Kap114 partially mislocalize TBP to the
cytoplasm. Kap114 binds TBP in vitro, and binding is disrupted in
the presence of GTPyS. Therefore, Kap114 is an importer of TBP
into the nucleus, but alternative import pathways must also exist.

ATA-binding protein (TBP) is essential for RNA polymerase

I, II, and III transcription (1). TBP, along with its associated
factors (the TAFs), recruits the basal transcription factors and
RNA polymerase to promoters to mediate transcription (1). The
yeast TBP gene (SPT15) is essential, and the protein localizes to
the nucleus (2).

The compartmentalization of the eukaryotic cell into the
nucleus and cytoplasm necessitates the existence of mechanisms
to transport macromolecules into and out of the nucleus. The
nuclear membrane is punctuated by aqueous channels termed
nuclear pores, through which some molecules can diffuse. How-
ever, most macromolecules must be transported through these
channels in a protein-mediated fashion (3). The core compo-
nents of such transport pathways consist of a transport receptor
(termed an importin or karyopherin), a signal in the transport
cargo that allows receptor recognition, and accessory factors that
aid in directing the receptor/cargo complex from one compart-
ment to another in a vectorial manner. These accessory factors
include the nucleoporin proteins of the nuclear pore and the
small GTPase Ran.

The most extensively characterized importin/karyopherin is
importin-B (Kap95 in yeast). Importin-B8, together with its
adapter protein importin-« (Srpl in yeast), mediates the nuclear
import of proteins bearing a basic, lysine-rich nuclear localiza-
tion sequence. On entry into the nucleus, this transport complex
is most likely dissociated by the presence of Ran in its GTP-
bound form (4). The compartmentalization of Ran’s GTPase
activating protein to the cytoplasm and its guanine nucleotide
exchange factor to the nucleus suggests that Ran is primarily in
its GTP-bound form in the nucleus and in its GDP-bound form
in the cytoplasm (4). This Ran GTP/GDP gradient is believed
to be essential for directional transport (4).

Many other importins/karyopherins in addition to the impor-
tin-a/importin-B complex have now been identified and char-
acterized (5 and 6). Importins/karyopherins are most similar to
one another in their first 150 amino acids (5). This N-terminal
domain of importin-B contains the core of its Ran binding
domain (5). Completion of the yeast Saccharomyces cerevisiae
genome project revealed that there are 14 potential importins/
karyopherins in yeast (7). To date, a function in nuclear trans-
port has been identified for all but three of these (8).

The rapid expansion of knowledge of importins and their
cargo has broadened the repertoire of known transport signals
beyond the canonical nuclear localization sequence. For exam-
ple, the importin Crm1/Xpol mediates the export of proteins
out of the nucleus by recognizing a leucine-rich nuclear export
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signal (6). The identification of various transport signals allows
one to hypothesize and test what transport pathways a particular
cargo may be using. However, it remains unknown how most
proteins are transported.

A high copy suppressor screen of an sptl5 temperature-
sensitive allele resulted in isolation of BRFI1/PCF4/TDS4
[TFIID (TBP) suppressor], which encodes a pol III-specific TAF
(9). Two genes that were weak, allele-nonspecific suppressors
also were isolated and are described in this report. One of these
high copy suppressors (7DS2) was identified as the putative
importin YGL24IW. YGL241W was recently renamed in the
Saccharomyces Genome Database as KAP114, a karyopherin of
114 kDa. The TDS3 suppressor gene was found to be identical
to TIF51A4, which encodes eukaryotic translation initiation factor
SA (eIF-5A). We now present data that Kap114, a previously
uncharacterized importin/karyopherin, is a mediator of TBP
import into the nucleus.

Materials and Methods

Screen for High Copy Suppressors of Mutant spt15 Alleles. A 2u/
URA3 plasmid-based yeast genomic library (10) was transformed
into yeast strains containing temperature-sensitive alleles of the
TBP gene SPT15. Two different spt15 alleles were used: one
carrying the mutation Y94C (YSB66: Mata ura3-52 leu2Al
trplA63 spt15-Y94C) and the other K133, 138L (9). Transfor-
mants that could grow at 37°C (for Y94C) or 38°C (for K133,
138L) were isolated. Library plasmids were recovered in Esch-
erichia coli and were retested for suppression of temperature
sensitivity. Suppressing plasmids were subcloned and sequenced
by using standard methods. One library plasmid containing the
Kap114/TDS2 gene was designated YEpTDS2.

Plasmid and Strain Construction. To replace the KAPI14 gene with
a gene encoding a Kapll4-green fluorescent protein (GFP)
fusion, the 3’ end of the KAPI14 gene was PCR-amplified by
using the 5" Sacll-linked primer HM79 (TCCCCGCGGCT-
CACCCCTGCTATCATTAG) and the 3’ Xhol-linked primer
HM80 (CCGCTCGAGCCAAAAGGGCTTCTGAAA-
GAAC). The PCR product was digested with SacIl and Aval and
was ligated in-frame into a Sacll/Xhol fragment of pPS1857.
pPS1857 (11) is a nonreplicating plasmid derived from pRS306
(12) and contains the S65T V163A mutant of GFP and the NUF2
3’ untranslated region. The resulting plasmid, pPS1858, was
linearized with Xbal and was transformed into FY23 (13).
Integration into the kap114 locus was verified by PCR. Expres-
sion of Kap114-GFP in URA™ transformants was determined by
a-GFP immunoblotting and fluorescence microscopy. The re-
sulting Kap114-GFP strain PSY1783 was used in our studies. The
Kap95-GFP strain (PSY1786) used in these studies was made by
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transferase; HA, hemagglutinin.

*To whom reprint requests should be addressed. E-mail: steveb@hms.harvard.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.



Vector

KAP114/TDS2

A

KAP114/TDS2

Fig. 1. Overexpression of Kap114 or elF-5A suppresses the temperature
sensitivity of TBP mutant strains. (A) YSB66, a strain bearing the temperature-
sensitive mutation Y94Cin TBP, was transformed with a 2. plasmid containing
the KAP114/TDS2 gene (YEpTDS2a), with the 2. vector YEp24 alone (vector)
or with a plasmid containing the wild-type TBP gene (pRS316-IID). Individual
transformants were streaked onto selective media and were grown at 30°C
(not shown) and 37°C for 3 days. (B) YSB67, a temperature-sensitive strain
bearing the mutations K133L, K138L in TBP (9, 15), was transformed with a 2.
plasmid containing the TDS3 clone, YEp24 alone (vector), a 2 TIF51A (elF-5A)
plasmid (YEp352T-5A) (16), or a 2u plasmid encoding a nonhypusinated
mutant of TIF5TA [YEp352T-5A(K51R)] (16). Individual transformants were
streaked onto selective media and were grown at 30°C and 38°C for 3 days.

integration of linearized pJK169 into FY23 (11). pRS425-TDS2
was generated by cloning a Sall fragment containing 7DS2/
KAPI114 from YEpTDS?2 into Sall linearized pRS425 (12).

A PCR-based method was used to replace the KAPI14 gene
with the HIS3 marker in the diploid strain PSY902 (ura3-52/
ura3-52 leu2Al/leu2Al his3A200/his3A200 ade2/ADE?2 ade3/
ADES3 lys2/LYS2 trpl /TRPI) (14). On sporulation, four-spore
tetrads grew, and the HIS3 marker segregated 2:2. Correct
integration of the marker into the KAPI14 locus was verified by
PCR and Southern blotting. One Akapl14 haploid (PSY1784:
Mata kapll4A:HIS3 ura3-52 leu2Al his3A200 trpl) and its
wild-type sister spore (PSY1785: Mata ura3-52 leu2A1 his3A200)
were used in our studies. For some experiments, the strain
YSB103 (MAT o ura3-52 leu2-3, 112 his3A200 kap114A::URA3)
and its wild-type counterpart YSB105 were used.

Immunoblots. Whole cell lysates (except those described below in
protein binding experiments) were prepared from ~1 X 108
freeze-thawed cells in ~200 ul PBSMT (PBS/5 mM MgCl,/
0.5% Triton X-100) plus protease inhibitors (0.5 mM phenyl-
methylsulfonyl fluoride; 3 pg/ml each pepstatin, leupeptin,
aprotinin, and chymostatin) by glass bead lysis and were centri-
fuged for 10 min at 4°C. Samples were run on SDS/PAGE gels
and were transferred to nitrocellulose. After incubation with
primary antibody, blots were incubated in a 1:5,000 dilution of
horseradish peroxidase-conjugated secondary antibody (Jack-
son Immunoresearch), and protein was visualized via enhanced
chemiluminescence (Renaissance kit, NEN). TBP was detected
by using a 1:2,000 dilution of a polyclonal antibody (S.B.,
unpublished work); GFP fusions were detected with a 1:5,000
dilution of a polyclonal antibody (11); Srpl was detected by using
a 1:3,000 dilution of a polyclonal antibody (a gift from D.
Gorlich, Zentrum fiir Molekular Biologie der Universitiat Hei-
delberg); Gspl was detected by using a 1:1,000 dilution of a
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Fig. 2. Overexpression of Kap114 increases TBP levels. Lysates of the TBP
temperature-sensitive (ts) strain YSB66 and the isogenic wild-type strain
(FY23) bearing either an empty vector (pRS425) or a high copy plasmid
encoding Kap114 (pRS425-TDS2) were prepared from cells grown to mid-log
phase. Equal amounts of protein were resolved by SDS/PAGE and were
immunoblotted using o-TBP antibodies. Lanes: 1 and 2, wild-type cells; 3 and
4, temperature-sensitive TBP cells; 1 and 3, + vector; 2 and 4, +high copy
Kap114.

polyclonal antibody (no Tween) (11); glutathione S-transferase
(GST) was detected by using a 1:3,000 dilution of a mouse
monoclonal antibody (Santa Cruz Biotechnology).

Visualization of Kap114-GFP and TBP-GFP in Living Cells. Cells were
grown to mid-log phase. A Nikon fluorescence microscope
equipped with a GFP filter set and a 100X DIC objective were
used to observe the yeast. Images were captured by using
METAMORPH imaging software (Universal Imaging, West Ches-
ter, PA).

Immunofluorescence. Immunofluorescence was performed as de-
scribed (11). Hemagglutinin (HA)-TBP was detected by using a
1:300 dilution of 12CA5 anti-HA monoclonal antibody (Boehr-
inger Mannheim) and a 1:1,000 dilution of FITC-conjugated
mouse-specific antibodies (Jackson Immunoresearch).

Protein Binding Experiments. Recombinant GST and GST-TBP
fusion protein were expressed in E. coli using standard tech-
niques. GST proteins were bound to glutathione-agarose beads
at =3-5 mg of protein per milliliter of beads. Beads were
equilibrated in buffer T (20 mM Tris'HCI, pH 7.5/10% glycer-
ol/1 mM EDTA) containing 150 mM potassium acetate (KAc).
Yeast extracts were made by resuspending pelleted cells in an
equal volume of buffer T containing 0.5 KAc. Cells were lysed
by adding an equal volume of glass beads (450 microns) and
vortexing for five 1-min cycles with cooling on ice in between.
Cell debris and glass beads were pelleted by centrifugation. The
clear supernatant was diluted with buffer T to a final KAc
concentration of 150 mM.

Binding reactions contained 300 g of yeast protein and 25 ul
of GST or GST-TBP beads. Binding reactions were incubated for
10 min at room temperature in the presence of 1 mM guanosine
5'-O-(2-thiodiphosphate) (GDPfS) (Sigma) or 1 mM guanosine
5'-0-(3-thiotriphosphate) (GTPyS) (Sigma) or no analogue.
Reactions then were incubated at 4°C overnight with constant
rotation. Beads were pelleted for 5 sec in a microfuge and were
washed five times in 1 ml of buffer T plus 150 mM KAc. Bound
proteins were resuspended in gel loading buffer and were
electrophoresed on a 10% SDS-polyacrylamide protein gel.
Immunoblotting with a-GFP antibodies was used to detect GFP
fusion proteins.
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Fig. 3. The importin Kap114 is most similar to the yeast protein Csel. The
amino acid sequence of Kap114 (S. cerevisiae ORF YGL241W) was aligned with
its most similar protein, the importin Cse1, by using the Clustal method
(DNAstar, Madison, WI). Identical amino acids are shaded black, and similar
amino acids are shaded gray.

Results

Overexpression of Kap114/TDS2 Suppresses the Temperature Sensi-
tivity of a TBP Mutation. Two genetic screens were performed to
identify genes that, when overexpressed, suppress the tempera-
ture sensitivity of mutant spz15 alleles. Transformation of YSB66
(carrying the TBP mutant Y94C) with a YEp24-based genomic
library (10) resulted in the isolation of 7DS2 (Fig. 14). Sub-
cloning and sequencing of the genomic insert revealed that 7DS2
is the uncharacterized importin YGL241W (from now on desig-
nated KAPI114). Kapl14 overexpression also suppressed the
temperature sensitivity of several other TBP mutants, including
K133, 138L (data not shown). Suppression was attributable to
the importin KAPI14 rather than a nonspecific effect on nuclear
transport because overexpression of the other importin family
members KAP95, PSEI, NMD5, MTRI0, KAP104, SXM1, or
KAPI23 failed to suppress (data not shown). Furthermore,
overexpression of Kapll4 did not suppress temperature-
sensitive mutants in several other RNA polymerase II transcrip-
tion factors (data not shown). One possible explanation for
suppression is that Kap114 is involved in TBP transport and that
overexpression allows the cell to live by providing the nucleus
with increased TBP levels.

In a similar screen for high copy suppressors of mutations in
the basic region of TBP, TDS4/BRFI was isolated (9). Tds4 /Brf1l
is a component of the RNA polymerase III basal transcription
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Fig.4. Kap114-GFP localizes primarily to the nucleus. (A) Lysates of wild-type
cells (FY23) and cells bearing an integrated Kap114-GFP gene (PSY1783) were
prepared from cells grown to mid-log phase. Equal amounts of protein were
resolved by SDS/PAGE and were immunoblotted using a-GFP antibodies. (B)
Kap114-GFP cells (PSY1783) were grown in selective media at 25°C to mid-log
and were analyzed by fluorescence microscopy. (Left) Cells under a GFP filter
set. (Right) The corresponding cells by Nomarski optics.

factor TFIIIB. This screen also resulted in the isolation of TDS3
(Fig. 1B). TDS3 is identical to TIF51A, one of two yeast genes
encoding eIF-5A. High copy eIF-5A suppresses the temperature
sensitivity of strain YSB67 (9, 15), in which lysines 133 and 138
TBP were changed to leucine (Fig. 1B) as well as that of the
Y94C mutant in YSB66 (data not shown). eIF-5A is essential for
viability and must be modified by the postranslational addition
of hypusine to a specific lysine to function (16). Suppression of
the TBP mutant phenotype also requires hypusination of eIF-5A
because the mutant K51R, which cannot be hypusinated (16),
does not suppress (Fig. 1B).

Overexpression of Kap114 Increases TBP Levels. One mechanism by
which overexpression of Kap114 might suppress TBP tempera-
ture-sensitive mutants is by increasing TBP levels. This hypoth-
esis was tested by performing SDS/PAGE followed by a-TBP
immunoblotting of equal amounts of total protein prepared from
wild-type (FY23) and TBP temperature-sensitive cells (YSB66)
that had been transformed with either empty vector or a high
copy plasmid encoding for Kap114 (Fig. 2). In both wild-type and
TBP temperature-sensitive cells, TBP levels are increased when
Kap114 is overexpressed (Fig. 2). High copy Kap114 does not
boost TBP levels in the mutant strain to that of wild-type levels
(Fig. 2, compare lanes 1 and 4). However, it is possible that the
increase seen in TBP levels is sufficient to confer viability.
Kap114 may increase TBP levels by interacting with and thus
stabilizing TBP. Alternatively, high Kap114 levels may increase
transport of TBP into the nucleus, where it may be stabilized by
associations with TAFs and the chromosomes.

Kap114 Is a Nonessential Member of the Importin/Karyopherin Family
of Proteins. YGL241W/KAP114 was identified as a putative
importin because of the similarity of its amino terminus to the
amino terminus of other importins (7). Kap114 is most similar to
the importin Csel (Fig. 3). Csel is responsible for the export of
Srp1 out of the nucleus (17-19). Kap114 is 18% identical to and
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Fig. 5. TBP is partially mislocalized to the cytoplasm in cells lacking Kap114.
(A) A centromeric plasmid encoding GFP-TBP (pDP15GFPTBP) (2) was trans-
formed into a Akap114 strain (PSY1784) and the isogenic wild-type strain
(PSY1785). A centromeric plasmid encoding 3HA-TBP (3HA-TBP/YCplac111)
was transformed into a Akap114 strain (YSB103) and the isogenic wild-type
strain (YSB105). Whole cell lysates were prepared from cells grown at 25°Cin
selective media. Equal amounts of protein were resolved by SDS/PAGE and
then were analyzed by immunoblot using a-GFP antibodies (lanes 1-3) or
12CA5 a-HA antibodies (lanes 4-6). Lanes: 1, Akap114 cells + GFP-TBP; 2,
wild-type cells + GFP-TBP; 3, Akap1 14 cells; 4, Akap114 + 3HA-TBP; 5, wild-type
cells + 3HA-TBP; 6, wild-type cells + vector (YCplac111). (B) The strains ex-
pressing GFP-TBP described in A also were transformed with either vector
alone (YEp24) or with a 2 plasmid expressing Kap114 (YEpTDS2a). Cells were
grown to mid-log phase at 25°C in selective media and then were analyzed by
fluorescence microscopy. Cells were visualized by using a GFP filter set (Left)
and by Nomarski optics (Right). (Top, wild-type + vector) The localization of
GFP-TBP in wild-type cells (PSY1785) that have been transformed with
pDP15GFPTBP and YEp24 vector. (Middle, Akap114 + vector) The localization
of GFP-TBP in Akap114 cells that have been transformed with pDP15GFPTBP
and YEPp24 vector. (Bottom, Akap114 + KAP114) The localization of GFP-TBP
in Akap114 cells that have been transformed with pDP15GFPTBP and the 2u
KAP114/TDS2 plasmid YEpTDS2. (C) The strains expressing 3HA-TBP in A were
grown to mid-log phase at 25°C in selective media and were fixed, and
immunofluorescence was performed by using 12CA5 a-HA antibodies and
FITC-conjugated secondary antibodies. Cells were visualized by using a FITC
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43% similar to Csel (Fig. 3). Over its first 150 amino acids,
Kap114 is 24% identical to Csel, 23% identical to Nmd5, 21%
identical to Kap95, and 18% identical to Sxm1.

KAPI114 is not essential for viability. The KAPI14 gene was
disrupted in diploid cells by replacing the coding region of the
gene with a marker gene. On sporulation and tetrad dissection,
four-spore tetrads grew. All four spores grew with equal effi-
ciency and did not show any cold or heat sensitivity (data not
shown). Therefore, any transport mechanism mediated by
Kap114 must be at least partially redundant with another TBP
nuclear localization mechanism.

Kap114 Localizes Primarily to the Nucleus. Studies done thus far
indicate that most of the importins are localized primarily at the
nuclear pore and/or in the nucleus (11, 19-24). To determine
the subcellular localization of Kap114, a yeast strain in which the
Kapl14 ORF was fused to GFP was constructed. An o-GFP
immunoblot showed that the Kap114-GFP fusion protein is
expressed and that it runs at its predicted molecular weight of
~142 kDa (Fig. 44). Kap114-GFP localized primarily to the
nucleus in ~75% of cells (Fig. 4B). Kap114-GFP also was seen,
but to a lesser extent, in the cytoplasm (Fig. 4B). The nuclear
localization of Kap114 is consistent with its being an importin.
Based on immunoblotting and fluorescence microscopy, Kap114
does not appear to be as abundant as other importin proteins
(data not shown).

TBP Is Partially Mislocalized to the Cytoplasm in Akap114 Cells. With
TBP as a candidate substrate for Kap114-mediated transport, we
set out to determine whether TBP was mislocalized in cells
lacking Kapl14. Wild-type and Akapli4 strains were trans-
formed with a plasmid encoding either GFP-TBP or an epitope-
tagged triple-hemagglutinin-TBP (*HA-TBP) expressed from
the TBP promoter (2). Patterson et al. have shown that GFP-TBP
is fully functional (2). Immunoblotting showed that GFP-TBP
and SHA-TBP run at their predicted molecular masses (54 and
33 kDa, respectively), were intact, and were expressed at equal
levels in both wild-type and AKapl14 cells (Fig. 54).

The localization of GFP-TBP was examined in wild-type and
in Akapli4 cells by fluorescence microscopy. As predicted,
GFP-TBP was localized to the nucleus in wild-type cells (Fig. 5B;
ref. 2). GFP-TBP was partially mislocalized to the cytoplasm in
~70% of Akapl14 cells (Fig. 5B). Similar results were obtained
by immunofluorescence microscopy of cells expressing SHA-
TBP (Fig. 5C). Expression of Kap114 from a plasmid corrected
the mislocalization of GFP-TBP in cells missing Kap114, indi-
cating that the cytoplasmic localization was attributable to loss
of Kap114 and not an independent mutation (Fig. 5B).

Kap114 Binds to TBP, and This Interaction Is Disrupted by GTPyS. If
Kap114 can import TBP into the nucleus, one would predict a
physical interaction between the proteins. To determine whether
Kap114 interacts with TBP, whole cell lysates of yeast expressing
Kap114-GFP were incubated with GST-TBP and GST-bound
glutathione-agarose beads. Supernatants and bound material
were resolved by SDS/PAGE and were immunoblotted with
a-GFP antibodies. Kap114 bound to GST-TBP but not to GST
alone (Fig. 64). As a test for specificity, several other importin-
GFP fusions also were tested for binding to GST-TBP. Csel-
GFP and Sxml1-GFP did not bind to GST-TBP (Fig. 6A4).
Kap95-GFP exhibited some binding to GST-TBP but not to GST

filter set (Left), a DAPI filter set (Center), and Nomarski optics (Right). (Upper)
The localization of 3HA-TBP in wild-type cells (YSB105). (Lower) The localiza-
tion of 3HA-TBP in Akap114 cells (YSB103).
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Fig. 6. Kap114 binds to TBP. (A) Whole cell lysates were prepared from cells bearing GFP fusions to either Kap95 (PSY1786), Sxm1 (PSY1267) (11), Kap114
(PYS1783), or Cse1 (PSY1262) (19). Lysates were incubated overnight with GST-TBP or GST bound to glutathione-agarose beads. Pellets (bound) and ~10 ug of
supernatants (unbound) were resolved by SDS/PAGE and were immunoblotted by using a-GFP antibodies. (B) The TBP/Kap114 interaction is disrupted by a
nonhydrolyzable GTP analogue. Lysates were incubated in the presence and absence of 1 mM GTP+S or 1 mM GDPgS before binding as in A. (C) The blots in A

also were probed with «-Srp1 antibodies (Kap114 and Kap95 lanes shown).

alone. It is interesting to note that, although Kap95 was several
times more abundant than Kap114 in whole cell lysate, Kap95
binding to GST-TBP appears to be weaker than Kap114 binding
(Fig. 6 A and B; data not shown).

A common feature of importin/cargo interactions is their
sensitivity to GTP (4). Artificially increasing the concentration
of RanGTP both in vivo and in vitro has been shown to disrupt
importin/cargo binding (4). As would be predicted of an impor-
tin/cargo interaction, binding of Kap114-GFP to GST-TBP was
completely disrupted by the addition of the nonhydrolyzable
analogue GTP~S to the cell lysates (Fig. 6B). The Kap114-GFP/
GST-TBP interaction was not altered by the addition of GDPBS
to the cell lysates (Fig. 6B; data not shown). The Kap95-GFP/
GST-TBP interaction was decreased, but not completely dis-
rupted, by the addition of GTP+S to cell lysates (Fig. 6B). The
addition of GDPBS to the cell lysates did not increase the
amount of Kap95-GFP binding to GST-TBP (Fig. 6B; data not
shown).

These blots also were probed with other antibodies to deter-
mine whether other transport factors were a part of this Kap114-
GFP/GST-TBP complex. Blotting with a-Srpl revealed no
significant binding of Srpl to GST-TBP (Fig. 6C). In addition,
no Gspl (the essential yeast Ran) was seen bound to GST-TBP
(data not shown). However, we cannot rule out the possibility
that some Srpl or Gspl was bound but below our levels of
detection. Probing of blots with a-GST antibodies indicated that
GST and GST-TBP were present and intact (data not shown).

Discussion

We have identified a transport pathway in S. cerevisiae. Kap114,
a member of the importin/karyopherin family of proteins in
yeast, is a mediator of TBP nuclear import. Kap114 overexpres-
sion suppresses sptl5 mutant alleles in an allele-nonspecific
manner, and TBP is partially mislocalized in cells lacking
Kap114. Furthermore, Kap114 binds to GST-TBP, and this
binding is disrupted by the addition of a nonhydrolyzable GTP
analogue. We note that, while this paper was in review, another
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group using a different approach also found that Kap114 could
interact with and transport TBP (25).

The allele-nonspecific nature of the Kap114 suppression is
consistent with Kapl14 being an importer of TBP into the
nucleus; overexpression of Kap114 may boost nuclear levels of
TBP in these mutant strains, thus compensating for partially
defective TBP function. We demonstrate that at least one
mechanism by which overexpression of Kap114 suppresses TBP
temperature-sensitive alleles is by increasing total intracellular
TBP levels. This increase in levels might be attributable to slower
degradation kinetics of TBP in the nucleus than in the cytoplasm.

The observation that the interaction of Kap114 and TBP is
completely disrupted by GTP»S is also consistent with our
conclusion that Kap114 imports TBP. It has been shown that
RanGTP drives the dissociation of the importin-a/cargo com-
plex from importin-B and the dissociation of the import receptor
transportin from its cargo (4). The current model is that the
relatively high concentration of GTP-bound Ran in the nucleus,
compared with the relatively high levels of GDP-bound Ran in
the cytoplasm, drives the dissociation of nuclear import recep-
tors and their cargo (4).

Kap114-mediated import is clearly not the only pathway by
which TBP can enter the nucleus. TBP was still localized
primarily to the nucleus in cells missing Kap114. Furthermore,
TBP is essential for cell viability whereas Kap114 is not. Other
mechanisms by which TBP can enter the nucleus remain to be
determined. TBP may diffuse into the nucleus, as it is theoret-
ically small enough to pass through the nuclear pores. Alterna-
tively, TBP may enter the nucleus in a complex with other
proteins. In fact, it remains a possibility that the Kap114/GST-
TBP interactions are indirect. For example, TBP may enter the
nucleus via a piggy-back mechanism in which Kap114 does not
recognize TBP itself but, rather, a protein with which it is
complexed, such as a TAF. However, Pemberton et al. recently
demonstrated that Kapll4 and TBP directly interact (25).
Furthermore, overexpression of Kap114 did not suppress several
different temperature-sensitive alleles of pol I and pol III TAFs
(data not shown). However, it remains possible that distinct
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pathways could exist for transporting, and perhaps indepen-
dently regulating, the TBP-containing complexes necessary for
pol I, II, and III transcription. Regulated nuclear localization of
gene-specific transcription factors is a common mechanism for
controlling gene expression, and it would be interesting if basal
transcription factors were similarly regulated.

Kap95 bound to GST-TBP, and this binding was significantly
decreased by the presence of GTPyS. These data suggest that
Kap95 may be another TBP import receptor. However, Kap95
overexpression did not suppress the temperature sensitivity of
the TBP mutant strain YSB66. TBP does not appear to have a
nuclear localization signal that would normally be recognized by
the importin-«/importin-B heterodimer. Furthermore, we did
not detect any Srpl binding to the Kap95/GST-TBP complex.
These observations suggest that, if Kap95 is involved in TBP
transport, it may be doing so in an importin-a-independent
manner. It has been shown that importin- mediates the trans-
port of several different cargoes in an importin-« independent
manner (26-31).

It is also possible that Kap95p and Kap114 may act together
to mediate TBP transport. We previously reported that Kap95
and the importin Psel could be co-immunoprecipitated from
yeast whole cell lysates (11). One interpretation of this result is
that Kap95 and Psel work together in a complex to mediate
transport. It also has been recently shown that two vertebrate
importins, importin-B and importin 7 (RanBP7), act together in
the binding and import of linker histone H1 (31). Perhaps many
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importins work in combination to mediate the transport of
particular proteins or protein complexes.

We also identified eIF-5A as an allele-nonspecific suppressor
of mutations in TBP. This result is particularly interesting
considering that e[F-5A has been reported to be involved in the
transport of the HIV-1 protein rev and its bound Rev-responsive
element-containing transcript (32-34). However, the role of
eIF-5A in transport remains controversial (26, 35). Other studies
indicate that eIF-5A may be involved translation (36-39), raising
the possibility that the mechanism of eIF-5A suppression in-
volves increasing translation levels to compensate for reduced
mRNA, tRNA, or rRNA levels in TBP mutant strains.

We have defined a transport pathway by demonstrating that
the previously uncharacterized importin Kap114 is a mediator of
TBP import into the nucleus. These studies open exciting
possibilities to further define the components of this transport
pathway and to find other cargoes that may be imported via this
pathway.
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