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The Carboxyl-Terminus Directs TAF48 to the Nucleus and Nucleolus

and Associates with Multiple Nuclear Import Receptors
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The protein complex Selectivity Factor 1, composed of TBP, TAF48, TAF;63 and
TAF110, is required for rRNA transcription by RNA polymerase I in the nucleolus.
The steps involved in targeting Selectivity Factor 1 will be dependent on the trans-
port pathways that are used and the localization signals that direct this trafficking.
In order to investigate these issues, we characterized human TAF48, a subunit of
Selectivity Factor 1. By domain analysis of TAF 48, the carboxyl-terminal 51 residues
were found to be required for the localization of TAF48, as well as sufficient to direct
Green Fluorescent Protein to the nucleus and nucleolus. The carboxyl-terminus of
TAF'48 also has the ability to associate with multiple members of the p-karyopherin
family of nuclear import receptors, including importin p (karyopherin g1), transpor-
tin (karyopherin p2) and RanBP5 (karyopherin p3), in a Ran-dependent manner. This
property of interacting with multiple p-karyopherins has been previously reported
for the nuclear localization signals of some ribosomal proteins that are likewise
directed to the nucleolus. This study identifies the first nuclear import sequence
identified within the TBP-Associated Factor subunits of Selectivity Factor 1.

Key words: nuclear, nucleolar, Selectivity Factor 1 (SL1), TBP-associated factors
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In human cells, RNA polymerase I transcription requires
a protein complex called Selectivity Factor 1 (SL1). Selec-
tivity Factor 1 is composed of the TATA-box binding pro-
tein (TBP) and three TBP-associated factors (TAF48,
TAF;63 and TAF;110) (I) and plays a central role in
assembly of the RNA polymerase I preinitiation complex
(reviewed in Refs. 2-5). For proper activity, Selectivity
Factor 1 must be translocated to its site of action in the
nucleolus. The first step in nucleolar localization is the
crossing of the nuclear membrane, which relies upon
nuclear localization signals (NLS) encoded in the trans-
ported protein. While the nuclear import pathway of TBP
has been studied in S. cerevisiae (6), the nuclear traffick-
ing of the various protein complexes containing TBP is
poorly characterized. For example, with the exception of
TBP, nuclear localization signals have not been identified
within the subunits of Selectivity Factor 1, as well as
TFIID and TFIIIB (the TBP-containing complexes
involved in RNA polymerase II and III transcription,
respectively).

Classical nuclear localization signals (NLS) consist of
either a single cluster of basic amino acids or a bipartite
sequence composed of two sets of two or three basic resi-
dues separated by approximately 10-12 amino acids
(reviewed in Refs. 7 and 8). Ribosomal proteins such as
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rpL23a (9), rpS6 (10) and rpL7a (11) contain atypical
nuclear localization signals that are more basic and com-
plex than classical nuclear localization signals (9). Dur-
ing nuclear entry, the nuclear localization signal is bound
directly by either a member of the importin o or importin
B families of nuclear import receptors (reviewed in Ref.
8). The importin B family includes importin B (12), trans-
portin (13), RanBP5 (9) and RanBP7. (These are also
called karyopherin B1, B2, B3 and PB4, respectively.)
Nuclear import pathways typically terminate with
release into the nucleus mediated by Ran, a GTP-binding
protein (reviewed in Ref. 14). In contrast, nucleolar local-
ization is less well characterized. Consensus nucleolar
localization signals have not been well defined, although
they often contain a high proportion of basic residues. In
some cases, nucleolar localization signals overlap with
the NLS (15, 16), and in others, they are distinct (17, 18).

The signals responsible for targeting the proteins that
make up the RNA polymerase I (pol I) transcription
machinery to the nucleus and nucleolus are poorly char-
acterized. While these translocation events contribute to
the assembly of the RNA polymerase I transcription com-
plex, they also offer potential points of regulatory control
(reviewed in Refs. 8 and 19). Unique among the Selectiv-
ity Factor 1 subunits, TBP is shared among all three cel-
lular RNA polymerase systems and is partitioned
between the nucleoplasm and the nucleolus. For this rea-
son, the remaining TAF subunits of Selectivity Factor 1
likely direct it to its ultimate site of action in the nucleo-
lus. In order to elucidate the steps involved in Selectivity
Factor 1 localization, and help provide a framework for
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understanding the targeting and assembly of the RNA
polymerase I transcription complex, we investigated the
subcellular trafficking of TAF48, then identified and
characterized the region within TAF48 that directs it.
We observe that TAF48 fusion proteins are localized in
the nucleolus. In addition, we detect them in puncta dis-
tributed throughout the nucleoplasm. We identify a sin-
gle domain necessary for nuclear targeting of TAF48.
When fused to a heterologous protein, such as Green Flu-
orescent Protein, this region is sufficient to direct it to
both the nucleus and nucleolus. This domain, composed
of the carboxyl-terminal 51 residues of TAF48, also binds
multiple nuclear import receptors, similar to the nuclear
localization signals of some ribosomal proteins that are
likewise directed to the nucleolus.

MATERIALS AND METHODS

Molecular Biology—The vectors expressing the various
TAF48 fusion proteins were engineered using the
polymerase chain reaction (PCR) to generate DNA frag-
ments encoding the appropriate residues with restriction
sites on the termini. In the case of the HA3, B-galactosi-
dase (B-gal) and glutathione-S-transferase (GST) fusions,
the fragments were inserted into the BamHI site of
pKHS3 (20), the BglIII and Xbal sites of pCS2+C-B-gal (21),
or the BamHI and Xbal sites of pGEX-KG (22), respec-
tively, and sequenced. In the case of the various GFP-
TAF;48 fusion proteins, the fragments were generated by
PCR, sequenced, and then inserted between the BglII
and Xbal sites of either pEGFP-N1 or pEGFP-C1 (Clon-
tech, Palo Alto, CA) depending on whether the GFP was
on the amino- or carboxyl-terminus, respectively. DNA
sequencing was performed by the Hartwell Center at St.
Jude Children’s Research Hospital (Memphis, TN) or the
Molecular Resource Center of Excellence at the Univer-
sity of Tennessee Health Science Center (Memphis, TN).
All restriction and DNA modifying enzymes were pur-
chased from New England Biolabs (Beverly, MA) or
Promega (Madison, WI). Taqg DNA polymerase and PCR
kits were purchased from either Promega or Epicentre
(Madison, WI). All plasmids were screened and amplified
in the TOP10 strain (Invitrogen, Carlsbad, CA) of E. coli.

Cell Culture and Transfections—HeLa cells were grown
in DMEM containing glucose (Mediatech, Herndon, VA)
and 10% Fetal Bovine Serum (Mediatech). For transfec-
tions, cells were plated onto either 35 mm plates with
loose coverslips (for immunofluorescence and f-gal
assays) or 35 mm plates with integrated coverslip (Mat-
tek Corporation, Ashland, MA) designed for use with an
inverted microscope (for GFP). When the cells reached
30-50% confluence, they were transfected with each
expression vector using FuGene6 (Roche Biochemicals,
Indianapolis, IN), as specified by the manufacturer.

Immunofluorescence—Cells grown on coverslips were
harvested one day post-transfection and fixed using 4%
paraformaldehyde. The fixed cells were permeabilized
with PBS and 0.5% Triton X-100 for 5 min at room tem-
perature and blocked with 10% Fetal Bovine Serum in
PBS for 30 min at room temperature. The cells were then
incubated with anti-HA (Roche Biochemicals) and anti-
fibrillarin (Sigma, St. Louis, MO) antibodies and washed
three times with 1xPBS. Subsequently, cells were incu-
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bated with Texas Red-conjugated anti-mouse IgG2b
(Southern Biotechnology Associates, Inc., Birmingham,
AL) and FITC-conjugated anti-human (Pierce, Rockford,
IL) secondary antibodies for 30 min at 37°C, and washed
five times with 1xPBS. The coverslips were then rinsed
with H,O and mounted onto slides using Vectashield
mounting media (Vector Labs, Burlingame, CA) with or
without DAPI. The cells were imaged on an Olympus
BMX50 (Tokyo) fluorescence microscope with a 60x (NA
1.40) oil-immersion objective, using a Photometrics Sen-
sys 14000 CCD camera (Tuscon, AZ) and V++ Precision
Digital Imaging System (Digital Optics, Auckland, New
Zealand). For quantitation, the slides were scanned and a
total of at least 100 transfected cells in at least 20 differ-
ent fields were examined. Images were processed in Pho-
toshop 5.5 (Adobe, San Jose, CA) and index colored using
the color table.

Fluorescence Imaging of Living Cells—Living HeLa
cells were imaged one to two days post-transfection in the
same media used for growth in 35-mm petri dishes with
integrated coverslips (Mattek Corporation). Fluorescent
confocal and transmitted light images were obtained
using an Olympus Fluoview laser scanning confocal
microscope with Argon and krypton lasers and both epif-
luorescence and transmitted light detectors. The qualita-
tive nature of the expression for each TAF48 derivative
was unchanged over an approximate a 10-fold range of
fluorescence intensity. Both 40x UPlanApo (0.85 N.A.)
and 100x PlanApo (1.4 N.A.) objectives were used.
Images were processed in Photoshop 5.5 (Adobe). The
contrast of the transmitted light images was increased
using an unsharp mask filter. Composite fluorescence-
transmitted light images were made by merging separate
images using the “screen” blending mode in Adobe Pho-
toshop. For quantitation, the culture dishes were scanned
progressively, starting at one side and counting the first
100 transfected cells within the field of view. The distri-
bution of TAF48-GFP was not quantitated because there
was an approximate two order of magnitude reduction in
the detectable number of cells expressing this protein
due to either reduced transfection efficiency and/or
reduced expression levels. The cells expressing TAF48-
GFP displayed a consistent nuclear distribution, not
observed in the GFP control, in approximately 20 cells
examined over several different transfection experi-
ments.

Protein Expression and Purification—The GST, GST-
TAF;48 400-450 and GST-RNPA1 (a generous gift of San-
jay Vasu, UCSD) affinity resins were obtained by
expressing the protein in the BL21(DE3) strain of E. coli
(Novagen, Madison, WI). After induction of the protein(s)
with 0.5 mM IPTG, the cells were lysed in PBS by sonica-
tion, and centrifuged at high speed. The supernatant was
incubated at 4°C with glutathione-agarose (Sigma), after
which the resin was isolated by centrifugation and
washed extensively with PBS. The resulting affinity res-
ins were separated on an SDS-polyacrylamide gel along-
side known amounts of BSA, stained using Coomassie
Brilliant Blue, and subsequently destained. The stained
proteins on the gel were used to quantitate the absolute
amount present on the various resins and to monitor the
amount of degradation. Hiss-tagged Ran Q69L (a gener-
ous gift of Sanjay Vasu) was induced in the BL21(DE3)
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Fig. 1. Distribution of HA;-TAF48 in HeLa cells. HeLa cells
transiently expressing HA;-TAF48 were fixed and stained with (A)
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@
anti-fibrillarin

antibody which identifies the nucleoli, and to a lesser extent the
nucleoplasm. The co-localization of these proteins is defined by (B)

an anti-hemagglutinin antibody (12CA5) or (C) an anti-fibrillarin merging the two images.

strain of E. coli using 0.5 mM IPTG. The cells were lysed
in 1xPBS by sonication and centrifuged at 10,000 rpm for
15 min in a GSA rotor. The supernatant was incubated
with 1-ml of Ni-affinity resin (Qiagen, Valencia, CA) and
loaded into a column. After washing with 20 column vol-
umes of 1x PBS containing 10 mM imidazole, the protein
was eluted with 1x PBS containing 200 mM imidazole.
The fractions were analyzed on an SDS-polyacrylamide
gel, and the concentrations of those containing Ran Q69L
were quantitated (Bio-Rad Laboratories, Hercules, CA).
RanQ69L was initially in a GDP-bound state and was
converted to the GTP-bound state in the following man-
ner. RanQ69L-GDP at 1 mg/ml was incubated for 25 min
at room temperature, then 10 min on ice in the presence
of 10 mM EDTA, 1 mM DTT and a 50-fold excess of GTP.
Finally, Mg,Cl was added to a final concentration of 30
mM, and the sample was dialyzed against 1x PBS con-
taining 10% glycerol.

Protein-Protein Interaction Assays—Thirty microliters
of rabbit reticulocyte extracts (Promega) were incubated
in 300 pl of 1x PBS at room temperature or 4°C for 60
min or for the indicated times with equivalent amounts
of the affinity matrix displaying 5 pg total of either GST
or GST-fusion protein. The samples were then washed
three times with 0.5 ml of 1x PBS. The GST-TAF48 400-
450 fusion protein was approximately 30% full-length
and the remainder of this protein was degraded to the
size of GST alone (unpublished results). In all experi-
ments, the bound fraction was separated on an SDS-poly-
acrylamide gel and transferred to Hybond-C (Amersham,
Piscataway, NJ). The membranes were then incubated
with either a monoclonal antibody against importin  or
transportin (BD Biosciences, Palo Alto, CA) or a rabbit
polyclonal antibody against RanBP5 (Santa Cruz Bio-
technology, Santa Cruz, CA) and washed with PBS con-
taining 0.1% Tween-20. The membranes were then incu-
bated with either HRP-conjugated anti-mouse or HRP-
conjugated anti-rabbit antibody (Bio-Rad) and subse-
quently developed using Super Signal West Dura (Pierce,
Rockford, IL) and exposed to CL-Xposure Film (Pierce).
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RESULTS

While the components of Selectivity Factor 1 are synthe-
sized in the cytoplasm, the assembled complex ultimately
functions in the nucleolus. The steps involved in the
assembly and trafficking of Selectivity Factor 1 are
poorly understood. This study characterizes the distribu-
tion of human TAF48, a 450-amino acid subunit of Selec-
tivity Factor 1, within interphase cells and the mecha-
nisms that target it to the nucleus and nucleolus.
Full-Length TAFA48 Is Directed to the Nucleolus and
the Nucleoplasm—1In order to examine the distribution of
TAF48, it was fused to readily visualized “tags,” and
these fusion proteins were transiently expressed using
the constitutively active cytomegalovirus immediate
early promoter. Previously, it has been difficult to detect
the endogenous subunits of Selectivity Factor 1 in inter-
phase cells. For example, the distribution of TAF;63,
TAF48, TBP and UBF, but not TAF48, could be detected
during either mitosis or in the presence of Actinomycin D

Table 1. Cellular localization of HA,;- and GFP-TAF48 con-
structs.

TAF; 48 derivative Nuclear? Cytoplasmic Nuclear and

cytoplasmic
HA,-1-450 96% 0% 4%
HA,;-1-343 0% 81% 19%
HA;-1-400 0% 97% 3%
HA;-217-450 ND ND ND
HA;-343—-450 100% 0% b
HA;-400—450 92% 2.7% 5.3%
HA;-217-343 0% 93%¢ T%C
N-GFP-1-450 94% 0% 6%
1-450-GFP-C d d d
N-GFP-400-450 91%" 0% 9%

aNucleoplasmic and/or nucleolar. »>80% of cells have extemely low
levels of cytoplasmic staining. ‘Speckled pattern in 44% of cells with
cytoplasmic staining and all cells with nuclear staining, but does
not co-localize with the nucleoli. 4Quantitative values were not
obtained because the number of cells with detectable expression
was approximately two orders of magnitude below that of N-GFP-
TAF48 1-450.
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GFP-TAF48

TAF48-GFP

GFP-
TAF48(400-450)

Fig. 2. Distribution of GFP fused to TAF48 or the TAF48 car-
boxyl-terminus in HeLa cells. HeLa cells transiently expressing
either (A-D) GFP, (E-H) GFP-TAF48, (I-L) TAF48-GFP or (M—P)
TAF48 400—450-GFP were examined using laser scanning confocal
microscopy. Panels A, E, I and M are light images and C, G, K and O

by immunofluorescence (23, 24). In contrast, none of the
Selectivity Factor 1 subunits could be detected within
interphase cells in those studies. However, a recent study
has successfully used overexpressed RNA polymerase I
preinitiation factors to kinetically model the assembly of
the pol I transcription complex (25). Thus, this approach
should likewise be useful for localization studies. In our
experiments, the subcellular distribution of full-length
TAF48 (1-450) was investigated by localizing protein
fusions with either three copies of the hemagglutinin tag
(HA3) or the Green Fluorescent Protein (GFP). When
expressed transiently, the fusion protein HA3-TAF48
was detected exclusively in the nucleus with a primarily
punctate distribution (Fig. 1A). Upon quantitation, 96%
of the cells expressing HA3-TAF48 1-450 displayed this
pattern (Table 1). The nucleoli were defined by double-
label immunofluorescence using an antibody against the
nucleolar protein fibrillarin (26—-28). This antibody some-
times displays a weaker pattern of nucleoplasmic stain-
ing as well (Figs. 1C, 3, and 4). When the images are
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are fluorescence images. Panels B, F, J and N merge the transmitted
light and fluorescence images. In panels D, H, L and P, the fluores-
cence images have been enlarged by a factor of two and the nucleoli
are outlined in red dots. The positions of nucleoli are indicated by
arrowheads. The scale bars in panels A, E, I and M are 10 microns.

merged, HA3-TAF48 is found within the nucleoli, and
the remainder show a punctate distribution in the nucle-
oplasm (Fig. 1B). This pattern was observed in 87% of the
cells expressing HA3-TAF48. This distribution is con-
sistent with a recent study that found 68% of TAFI48 in
the nucleoplasm and 15% in the nucleolus [(25)-Supple-
mentary Table S1].

The distribution of full-length TAF48 was investi-
gated in parallel using a fusion to a different tag (Green
Fluorescent Protein) and examined in living, rather than
fixed, HeLa cells using laser scanning confocal micros-
copy. In these experiments, nucleoli (labeled by arrow-
heads in Fig. 2) and nuclei can be identified by morphol-
ogy in images simultaneously acquired using the confocal
transmitted light detector (Fig. 2, A, E and I). When
expressed transiently, GFP alone is distributed in a
roughly homogeneous pattern in both the cytoplasm and
nucleoplasm, but largely excluded from the nucleolus and
some sites in the cytoplasm, which are probably mem-
brane-bounded organelles such as mitochondria (Fig. 2,

J. Biochem.
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Fig. 3. The carboxyl-terminus of TAF48 is required for proper
localization. The localization of TAF48 derivatives truncated from
the carboxyl-terminus was examined. (A-G) TAF48 1-343 or (H-O)
TAF48 1-400, fused to HA;, were stained with (A, E, H and L) an
anti-hemagglutinin antibody or (C, G, J and N) an anti-fibrillarin

A-D). When Green Fluorescent Protein (GFP) was fused
to the amino-terminus of TAF48 (GFP-TAF48) and
examined by laser scanning confocal microscopy, GFP-
TAF48 was targeted exclusively to the nucleus in 94% of
the cells expressing it (Fig. 2G; Table 1). The distribution
of TAF48-GFP (GFP fused to the carboxyl-terminus of
TAF48) was also exclusively nuclear (Fig. 2K), but was
not quantitated because there was a dramatic reduction
in the number of detectable cells expressing this protein.
When the positions of the nucleoli are identified by either
merging the fluorescence and transmitted light images
(Fig. 2, B, F and J), or outlining the borders of the nucle-
oli in enlarged images (Fig. 2, D, H and L), the TAF48
fusion proteins were found to be expressed at similar lev-
els in both the nucleoli and the nucleoplasm (Fig. 2, F, H,
J and L). In contrast, GFP alone is largely excluded from
the nucleoli (Fig. 2, B-D). Using several experimental
regimens that included live and fixed cells, small (triple
HA-tag — ~4 kDa) and large (GFP-tag — ~28 kDa) protein
tags, and amino and carboxyl sites of fusion, TAF48
expression was observed in both the nucleolus, the site of

Vol. 135, No. 3, 2004

antibody, which identifies the nucleoli. The co-localization of these
proteins is defined by merging the two images (B, F, I and M). In pan-
els D, K and O, the pattern of DAPI staining is shown. The scale bar
in panel H is 20 microns.

SL1 function, and, unexpectedly, in the nucleoplasm, as
will be discussed below.

The Carboxyl-Terminus of TAF48 Is Required for Its
Nucleolar Targeting—Since the HA-tagged version of
TAF48 is localized to the nucleolus and nucleoplasm,
various derivatives of TAF48 were engineered to identify
the sequences responsible for directing it to these loca-
tions. Initially, a deletion (1-343), that removed the car-
boxyl-terminal 107 residues, was engineered to contain
an HA3-tag on the amino-terminus, then expressed tran-
siently in Hela cells and examined by immunofluores-
cence. This protein displays a smooth distribution pat-
tern throughout much of the cell, but is absent from a
central region (Fig. 3A). When this pattern was compared
to that of fibrillarin and DAPI counter-staining (Fig. 3, B,
C and D), the regions lacking TAF48 corresponded to the
nucleus. When quantitated, 81% of the cells expressed
HAB3-TAF48 1-343 exclusively in the cytoplasm (Table 1).
In order to examine the carboxyl-terminus of TAF48 fur-
ther, a smaller deletion (1-400) that removed only the
carboxyl-terminal 50 residues was expressed as an HA3-
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217-450 343-450 400-450 217-343
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Fig. 4. The carboxyl-terminus of TAF48 directs itself to the
nucleolus. The distribution of either carboxyl-terminal or internal
regions of TAF48 was determined. (A-C) TAF48 217—450, (D-F)
TAF48 343—450, (G-I) TAF48 400—450, and (J-L) TAF48 217—450,
fused to the HAj-tag, were expressed transiently and stained with

fusion protein. This protein also exhibited a smooth dis-
tribution throughout the cytoplasm that was excluded
from the nucleus in 97% of the expressing cells (Fig. 3, H-
K; Table 1). In a smaller percentage of cells (19% and 3%,
respectively), HA3-TAF48 1-343 and HAS3-TAF48 1-
400 displayed a relatively smooth distribution through-
out the cytoplasm and nucleus, but were excluded from
several prominent regions. When compared to the fibril-
larin stained images, the regions lacking TAF48 in those
cases corresponded to the nucleolus (Fig. 3, E-G and L—
0). Since these fusion proteins are ~40 and 45 kDa,
respectively, which is close to the exclusion limit of the
nuclear pore (29), their ability to passively diffuse
through the nuclear pore may account for this variation
in nuclear entry. Of interest, even when these proteins
are able to enter the nucleus, they are not targeted to the
nucleolus. Taken together, these results suggest the car-
boxyl-terminus of TAF48 is involved in nuclear and
nucleolar targeting.

The Carboxyl-Terminus of TAF48 Is Sufficient to
Direct Nucleolar Targeting—In order to examine TAF48
for additional regions required for nucleolar and/or
nuclear localization, amino-terminal deletions were con-
structed. These deletions retain amino acids 217—450,
343-450, and 400-450 of TAF48 and contain the HA3-
tag on the amino-terminus. Upon transient expression in
HeLa cells, each of the TAF48 fusion proteins exhibited
exclusive nuclear expression with enrichment within the
nucleoli (Fig. 4, A-I). When quantitated, 100% and 92%
of cells expressing TAF48 343-450 and 400—450, respec-
tively, displayed exclusively nuclear staining (Table 1).
They also exhibited staining that co-localized with nucle-

H K

(A, D, G and J) an anti-hemagglutinin antibody or (C, F, I and L) an
anti-fibrillarin antibody, which identifies the nucleoli. The co-locali-
zation of these proteins is defined by merging the two images (B, E,
H and K).

oli (i.e., fibrillarin staining) in 60% and 70% of cells,
respectively. As a control, an internal ~14 kDa fragment
(residues 217-343) lacking the carboxyl-terminus was
also expressed as an HA3-tag fusion (Fig. 4, J-L). Upon
inspection, this protein exhibited cytoplasmic staining in
93% of cells. In 7% of cells, this protein exhibited homoge-
neous staining throughout the cell that was not enriched
in the nucleolus. These results are consistent with the
conclusion that the carboxyl-terminus of TAF48 is
required for nuclear import. In addition, these experi-
ments suggest that the carboxyl-terminal 51 residues
also have the ability to target TAF;48 to the nucleolus.

The ability of TAF48 400-450 to target heterologous
proteins to the nucleus and nucleolus was investigated by
fusing it to the carboxyl-terminus of GFP (GFP-TAF48
400-450). When the distribution of GFP-TAF48 400450
was examined in live HeLa cells, it was enriched in the
nucleoli and displayed a weaker, but relatively homoge-
neous, distribution in the nucleoplam, similar to the dis-
tribution of HA3-TAF48 400—450 (compare Fig. 2, M—P
to Fig. 4, G-I). When quantitated, 91% of the cells
expressing this protein displayed this pattern (Table 1).
Thus, the carboxyl-terminus of TAF48 is also sufficient
to direct GFP to the nucleus and nucleolus.

The TAF48 Carboxyl Terminus Binds to Multiple p-
Karyopherins—Nuclear import involves various mem-
bers of the B-karyopherin family of nuclear import recep-
tors (reviewed in Refs. 29 and 30). In this process, either
the B-karyopherin, or proteins associated with them,
such as importin o, bind directly to the signal sequence.
The specific import receptor(s) that bind depends upon
the signal sequence present (reviewed in Ref. 8). Because
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some ribosomal subunits, such as rpl.23a, are directed to
the nucleolus and interact with multiple B-karyopherin
family members, we decided to determine whether
TAF48 has a similar ability to associate with multiple
nuclear import receptors. The interaction of three B-kary-
opherins—importin B, transportin and Ran BP5—for
TAF;48 400-450 was examined in rabbit reticulocyte
lysates (31) using “GST pull-down” experiments. Trans-
portin was found to interact specifically with an affinity
matrix displaying GST-TAF48 400—450 (residues 400-
450 of TAF48 fused to the carboxyl-terminus of GST).
Background levels were defined by the amount of trans-
portin bound to an affinity matrix displaying an equiva-
lent amount of GST (compare lanes 4-5 to 2-3 in Fig.
5A). Since the GTP-bound form of Ran typically promotes
the release of cargo from karyopherins, the effect of Ran
GTP was examined. Ran Q69L, a mutant version of Ran
with greatly diminished ability to convert bound GTP to
GDP (32), was utilized to obtain the GTP-bound species
in a stable form. The addition of Ran Q69L GTP inhibited
the ability of transportin to interact stably with the car-

A GST-TAF48
400-450

1 RanQ69L GTP
+ + RanQ69L GDP

1 T + +

1 234567809

GST TAF 48 GST-
400-450 RNPA1

+ +! RanQ69L GTP

GST
B

- -— — g <—transportin
. —

123 4567 8910

GST-
C Input GST TAF48
400-450
o U T - +'RanQ69L GDP
Mr - + - - + - - + - RanQ69L GTP
120 .
100 - O = = «—importin
g portin f
1234567 8 9210
GST-
D Input  GST  TAF148
400-450
' o ' Ty TRanQ69L GDP
Mr- + - - + - - + - RanQ69L GTP
120 || s - == - «—RanBP5
100
80

1234567 8910
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boxyl-terminus of TAF48 (compare lanes 6-7 to 2-5 in
Fig. 5A). In contrast, the addition of RanQ69L GDP had
no effect (compare lanes 8-9 to 2-5 in Fig. 5A), most
likely due to the high amounts of Ran GDP in the
extracts (30). As controls for the interaction and the role
of Ran GTP, the affinity of transportin for GST-RNPA1,
which is the initial molecule shown to bind transportin
(18), was tested. This experiment illustrates that both
TAF;48 and RNPA1 associate with transportin in a man-
ner that is inhibited by Ran GTP (compare lanes 6-7 and
10 to lanes 4-5 and 8-9, respectively in Fig. 5B). How-
ever, less transportin associates with TAF;48 than RNP
Al (compare lanes 4-5 and 8-9 in Fig. 5B).

Next, the ability of TAF;48 400—450 to associate specif-
ically with importin B and RanBP5 (other B-karyopher-
ins) was examined and demonstrated to be specific (see
Fig. 5, C and D). Importin B is associated with GST-
TAF48 400—450, but not GST (compare lanes 8 and 5 in
Fig. 5C), and the interaction is completely abolished by
the presence of RanQ69L GTP; there is no affect of
RanQ69L GDP (compare lanes 8-10 in Fig. 5C). Similarly,
RanBPS5 is associated with GST-TAF;48 400—450 and not
GST (compare lanes 5 and 8 in Fig. 5D). This interaction
is entirely eliminated by RanQ69L GTP while RanQ69L
GDP has only a small effect on the interaction between
TAF;48 and RanBP5 (compare lanes 8-10 in Fig. 5D).

The ability of a nuclear localization signal to bind mul-
tiple import receptors has been documented previously
(9). In order to characterize further the association
between TAF48 and these B-karyopherins, and to deter-
mine which complex forms initially, time-courses for each
interaction were compared. Since the formation of a com-
plex between TAF48 400-450 and each of the p-karyo-
pherins could be observed at five min, there was little or
no difference in the initial time of their formation. While
the interaction between importin f and RanBP5 contin-
ued to increase at 10, 20 and 80 min of incubation, the

Fig. 5. The carboxyl-terminus of TAF48 binds to transportin,
RanBP5 and importin § in a Ran-dependent manner. (A)
TAF48 binds transportin. The fractions bound to GST (lanes 2-3)
and GST-TAF48 400—450 (lanes 4-9) were assayed for transportin
using an immunoblot. Some samples were pre-incubated with
RanQ69L-GTP (lanes 6-7) or RanQ69L-GDP (lanes 8-9). Lane 1
contains 4% of the input. (B) Both TAF48 400—450 and RNP Al
associate with transportin in a Ran-dependent manner. The frac-
tions bound to GST (lanes 2-3), GST-TAF48 400—450 (lanes 4-7)
and GST-RNP A1 (lanes 8-10) were assayed for transportin using
an immunoblot. Some samples were pre-incubated with RanQ69L-
GTP (lanes 6, 7 and 10). Lane 1 contains 4% of the input. (C) TAF48
400—450 associates with importin B in a Ran-dependent manner.
The fractions bound to GST (lanes 5—7) and GST-TAF48 400—450
(lanes 8-10) were assayed for importin B in an immunoblot. The
samples were either untreated (lanes 5 and 8), pre-incubated with
RanQ69L-GTP (lanes 6 and 9) or pre-incubated with RanQ69L-
GDP (lanes 7 and 10). Lanes 2—4 contain 5% of the input from each
respective reaction, and lane 1 contains molecular mass standards.
(D) TAF48 400—450 associates with RanBP5 in a Ran-dependent
manner. The fractions bound to GST (lanes 5-7) and GST-TAF48
400—450 (lanes 8-10) were assayed for RanBP5 in an immunoblot.
The samples were either untreated (lanes 5 and 8), pre-incubated
with RanQ69L-GTP (lanes 6 and 9) or pre-incubated with
RanQ69L-GDP (lanes 7 and 10). Lanes 2—4 contain 5% of the input
from each respective reaction and lane 1 contains molecular mass
standards.
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Fig. 6. Kinetics of the association between TAF48 and three
p-karyopherins. The amounts of importin B (top panel), RanBP5
(middle panel), and transportin (bottom panel) associated with GST
(lanes 2-5) and TAF48 400—450 (lanes 6-9) after 5, 10, 20 and 80
min of incubation were determined by immunoblotting. Lane 1 con-
tains 5% of the input importin  and transportin, and 3% of the
input RanBP5. The position of each B-karyopherin is denoted by an
arrow.

association of transportin reached a plateau at 10 min
(compare lanes 6-9 in each panel of Fig. 6). There was no
association with GST during these reactions (see lanes 2—
5 in each panel of Fig. 6).

DISCUSSION

In this study, we examined the subcellular distribution of
exogenously expressed TAF48 in interphase cells and
the mechanisms that target it to the nucleus and nucleo-
lus. To our knowledge, this is the first study of the path-
ways that direct Selectivity Factor 1 or its subunits to the
nucleus and nucleolus. Exogenously expressed TAF48
was distributed in both the nucleolus and nucleoplasm,
and the carboxyl-terminal 51 residues were found to be
required for targeting HA-tagged TAF48 to the nucleus.
This region was sufficient to direct transport to the
nucleus and nucleolus when fused to a heterologous pro-
tein such as GFP. Furthermore, the carboxyl-terminal 51
residues also have the ability to associate with multiple
nuclear import factors (transportin, RanBP5 and impor-
tin B), similar to some ribosomal proteins.

TAF48 possesses carboxyl-terminal sequences that
are necessary and sufficient to direct transport into the
nucleus. As an additional test of this activity, we exam-
ined the subcellular distribution of beta-galactosidase
fused to either full-length TAF48 or residues 400—450 of
TAF48. These fusion proteins were localized to the
nucleus while beta-galactosidase alone was in the cyto-
plasm (Xu and Hori, unpublished observation). The car-
boxyl-terminus of TAF48 also mediates nucleolar locali-
zation. This domain possesses one or multiple sites that

hTAF; 48

rplL23a
Monopartite NLS
Bipartite NLS

126 -PKKKRKV-132

Fig. 7. Comparison of human TAF48 400-450 with the beta-
like import receptor binding site of human rpL23a, the mon-
opartite NLS of SV40 large T antigen, and the bipartite NLS

J.L. Dynes et al.

can interact with three different nuclear-import recep-
tors. Taken together, the simplest explanation for these
data is that at least one of these nuclear-import receptors
associates with the carboxyl-terminus of newly synthe-
sized TAF48 in the cytoplasm and mediates its import
into the nucleus.

Because nuclear entry does not require the association
of multiple import receptors, the association of TAF48
with a minimum of three different nuclear import recep-
tors is somewhat surprising. However, other proteins
have also been found to bind multiple karyopherins. The
NLS of ribosomal protein rpL23a binds with similar
affinity to importin B, transportin, RanBP5 and RanBP7,
and each interaction can support nuclear import (9).
There are other similarities between TAF48 and rpL23a:
both proteins are transported to the nucleolus, and nei-
ther protein competes with RNP Al for transportin bind-
ing [(9); (Xu and Hori, unpublished observation)]. In Fig.
7, the primary amino acid sequence of human TAF48
carboxyl-terminus, the beta-like importin binding
domain of rpL23a (9), the monopartite nuclear localiza-
tion signal of SV40 large T antigen (33), and the bipartite
nuclear localization signal of nucleoplasmin (34) are com-
pared. (Note: The internal basic residues of the nucleo-
plasmin bipartite NLS are not necessary for nuclear
import.) The TAF48 and rpL23a sequences contain a
more complex region of basic residues than these typical
monopartitite and bipartite nuclear localization signals.
This is similar to other nucleolar proteins that are also
targeted by sequences that are more basic than classical
nuclear localization signals, although there is no identi-
fied consensus sequence. In part, this may reflect that
localization is stabilized by interaction with other compo-
nents of the RNA polymerase I transcription machinery.

Another curious property of the TAF48 carboxyl-ter-
minus is its relatively weak affinity for p-karyopherins.
For example, the affinity of the TAF48 carboxyl-termi-
nus for transportin is much lower than that of RNP Al
(Fig. 5B). However, localization signals with weaker
affinities for B-karyopherins are functional. In one study,
nuclear transport was similar between proteins contain-
ing a consensus transportin binding site and mutants
with affinities as low as 2—7% of the consensus site (35).
The ability to bind multiple B-karyopherins may help to
compensate for weak affinities.

The steps involved in the genesis of Selectivity Factor 1
will depend to some degree on the properties of the indi-
vidual SL1 subunits. Proteins containing full-length
TAF;48 were identified not only in the nucleolus, but also
found at discrete positions throughout the nucleoplasm
(Figs. 1 and 2). It is possible that this nucleoplasmic
staining is an artifact of over-expression. Alternatively,
since exogenous expression of TAF48 may significantly
change its abundance relative to the other components of

400-ACEKAFVAGLLLGKGCRYFRYILKQDHQILGKKIKRMKRSVKKYSIVNPRL-450
32-VHSHKKKKIRTSPTFRRPKTLRLRRQPKYPRKSAPRRNKLDHY-74

155-KRPAATKKAGQAKKKK-170

of Xenopus nucleoplasmin. The basic residues are shown in bold.
(Note: The two internal basic residues in the bipartite classical NLS
are not necessary for nuclear import.)

J. Biochem.
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Selectivity Factor 1, intermediate structures potentially
involved in the assembly or sequestration of SLL1 may be
enriched. A recent study has demonstrated TAF48 and
other components of the RNA polymerase I machinery
are rapidly shuttled between the nucleoplasm and the
sites of rRNA transcription in the nucleolus (25). While
these studies examine the distribution of TAF48 and
identify a nuclear and nucleolar signal sequence within
it, additional characterization of TAF;63 and TAF;110
will facilitate the interpretation of these observations in
the context of Selectivity Factor 1 assembly.
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