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Ribosome biogenesis requires the nuclear translocation of ribosomal proteins from their site of synthesis in
the cytoplasm to the nucleus. Analyses of the import mechanisms have revealed that most ribosomal proteins
can be delivered to the nucleus by multiple transport receptors (karyopherins or importins). We now provide
evidence that ribosomal protein L12 (rpL12) is distinguished from the bulk of ribosomal proteins because it
accesses the importin 11 pathway as a major route into the nucleus. rpL12 specifically and directly interacted
with importin 11 in vitro and in vivo. Both rpL12 binding to and import by importin 11 were inhibited by
another importin 11 substrate, UbcM2, indicating that these two cargoes may bind overlapping sites on the
transport receptor. In contrast, the import of rpL23a, a ribosomal protein that uses the general ribosomal
protein import system, was not competed by UbcM2, and in an in vitro binding assay, importin 11 did not bind
to the nuclear localization signal of rpL23a. Furthermore, in a transient transfection assay, the nuclear
accumulation of rpL12 was increased by coexpressed importin 11, but not by other importins. These data are
consistent with importin 11 being a mediator of rpL12 nuclear import. Taken together, these results indicate
that rpL12 uses a distinct nuclear import pathway that may contribute to a mechanism for regulating ribosome

synthesis and/or maturation.

Assembly of the 40S and 60S subunits of the eukaryotic
ribosome takes place within the nucleolar compartment of the
nucleus. As a result, the ~75 ribosomal proteins necessary for
ribosomal assembly and maturation must be imported into the
nucleus and targeted to the nucleolus following their synthesis
in the cytoplasm. Although the sizes of these proteins are well
below the diffusion limit of the nuclear pore, ribosomal protein
import requires energy and soluble nuclear transport factors
(15, 32) that include a class of import receptors, often called
karyopherins or importins. It has been reasoned (32) that such
rapid, active transport is necessary because of the short cyto-
plasmic half-lives (2 to 3 min) of many ribosomal proteins (38,
39).

Importins recognize specific nuclear localization signals
(NLSs) encoded in the sequences of their cargo proteins. The
importins also interact with nucleoporins, which are compo-
nents of the nuclear pore complex. This interaction permits a
facilitated diffusive translocation of the importin-cargo com-
plex through the pores. Within the nucleus, the importins bind
to Ran:GTP, which triggers cargo release. The importin-Ran:
GTP complex then recycles back to the cytoplasm, where the
GTP on Ran is hydrolyzed, and Ran:GDP dissociates from the
importins (all reviewed in references 5, 10, 20, 21, 24, 26, 41,
and 42). The classical nuclear import pathway mediates import
of substrates containing basic NLSs via an importin-a—impor-
tin-B heterodimer (1, 2, 6, 9, 11). However, studies with the
budding yeast Saccharomyces cerevisiae revealed that some ri-
bosomal proteins are imported by distinct importins, Kap123p
and Kap121p (32, 33). Importantly, these studies also demon-
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strated that a single import substrate could be translocated by
multiple karyopherins independently. Interestingly, the same
two karyopherins also mediate the import and nucleolar local-
ization of the four core proteins of the signal recognition par-
ticle, and it has been proposed that they constitute a nucleolar
import pathway (12).

Analysis of ribosomal protein import in mammalian cells
corroborated and extended the findings from these yeast stud-
ies (15). Two importins, importin-8 and transportin, that rec-
ognize distinct cargoes with unrelated NLSs and two less-well-
characterized importins, importin 5 and importin 7, are each
capable of importing certain ribosomal proteins. An isolated
domain (termed the BIB domain) in one of the substrates,
ribosomal protein L.23a (rpL23a), can avidly bind all four re-
ceptors. Furthermore, transportin can bind in vitro to both its
classical NLS (the M9 peptide) and the BIB domain simulta-
neously, suggesting that multiple cargoes can be coimported by
a single karyopherin.

Taken together, these results support the existence of a
mechanism we term the general ribosomal protein import
pathway that makes use of multiple karyopherins. This redun-
dancy may be required to support the high production rate of
ribosomes in a proliferating cell. Nonetheless, it remains an
open question as to whether all ribosomal proteins use this
general pathway. It is conceivable that the provision of a spe-
cialized import pathway for key components could afford a
useful level of control for ribosome synthesis and maturation.

In this report, we provide evidence that the nuclear import
of mouse rpL12 differs from that of the bulk of ribosomal
proteins and that importin 11 serves as a transport receptor for
rpL12. In both in vitro and in vivo assays, rpL12 competes with
UbcM2, an importin 11 substrate (28), for binding to the trans-
port receptor, indicating that the two cargoes are not coim-
ported by importin 11. In addition, our data suggest that im-
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portin 11 is not a principal contributor to the general ribosome
protein import pathway.

MATERIALS AND METHODS

Cloning and rec nt protein expression. pK-rpL.12-GFP (green fluores-
cent protein)-GFP (L12-GG) was generated by PCR amplification of the coding
sequence of mouse rpL12 and ligation of the PCR product into the Xbal site of
pK-GFP-GFP. The bacterial vector pGEX-L12-ZZ was constructed by ligating
the PCR-amplified coding sequence of mouse rpL12 into the BamHI site of
pGEX-zz. pGEX-zz is a derivative of pGEX-2T (Pharmacia) that codes for two
tandem Z domains fused in frame to the carboxy terminus of glutathione S-
transferase (GST). The Z domain is the 60-amino-acid-residue domain of im-
munoglobulin G that binds to protein A (8). pK-L23-GFP was generated by
ligating the PCR-amplified coding sequence of human rpL23a into the Xbal site
of pK-GFP. Both pK-GFP-GFP and pK-GFP are derivatives of the mammalian
expression plasmid pRK7 (19). The construction of all human importin 11
constructs used in these studies has been described previously (28). The impor-
tin-B open reading frame was cloned into the BarmHI-EcoRI sites of the yeast
expression vector pGBT10 (28). The open reading frame of importin 5 was
subcloned from pQE-32 into pGBT10.

All recombinant proteins used in these studies, with the exception of GST-L12
and H,-S-importin 11, were expressed in Escherichia coli BL21 (DE3) by growing
cultures to an optical density at 600 nm (ODgq,) of ~0.8 at 37°C and overnight
induction with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at 18°C in
Terrific Broth (plus 2% ethanol). GST-L12 and H,-S-importin 11 were grown at
room temperature to an ODg, of ~1.0 and induced at room temperature with
2 mM IPTG for 4 h in Terrific Broth. GST-L12 and GST-L12-zz were purified
with glutathione-Sepharose beads (Pharmacia). Following purification, L12-zz
was generated by thrombin treatment of GST-L12-zz in thrombin-cleavage buffer
(50 mM Tris-HCI [pH 8.0], 2.5 mM CaCl,, 150 mM NaCl, 0.1% B-mercapto-
ethanol). L12-GFP-GFP-H, (L12-GGH,) and myc-UbcM2-H, were purified
with Ni**-nitrilotriacetic acid (NTA) agarose beads (Qiagen). The techniques
used for purification of Hg-S-importin 11 and UbcM2-GFP-GFP-H, (Ubc-
GGHy) have been described previously (28).

Yeast two-hybrid and conjugation assays. Wild-type importin 11 and importin
11(78-975) were used as baits in separate yeast two-hybrid screens of a random-
primed, murine library created from a whole, 10-day embryo. From 1.2 X 10°
transformants in the wild-type importin 11 screen, five independent positive
clones were identified that included one full-length rpL.12 open reading frame.
From 5.4 X 10° transformants in the second screen, seven positive clones were
identified, five of which corresponded to rpL12.

Yeast conjugation assays were done as described previously (25). Importin 11,
importin 11(78-975), importin-B, and importin 5 were expressed in the S. cer-
evisiae HF7c (MATa) strain as carboxy-terminal fusions to the DNA-binding
domain (DBD) of the GAL4 protein. rpL12 and Ran were expressed in the
W303a (MATa) strain as carboxy-terminal fusions to the transactivation domain
of the herpesvirus protein VP16.

Transient transfections and immunofluorescence. Baby hamster kidney
(BHK) cells were seeded onto polylysine-coated coverslips 20 to 24 h prior to
transfection and transfected by a calcium phosphate precipitation procedure (27)
or with the Effectene transfection reagent kit according to the manufacturer’s
directions (Qiagen). Cells were fixed for 20 min in 4% paraformaldehyde—
phosphate-buffered saline (PBS), permeabilized for 2 min in —20°C methanol,
and blocked for at least 1 h in 3% nonfat milk—PBS prior to antibody incubations.
Hemagglutinin (HA)-tagged proteins were detected with monoclonal antibody
12CAS (1:500) and Texas Red-conjugated, donkey anti-mouse secondary anti-
bodies (1:1,500), and DNA was stained with 4’,6-diamidino-2-phenylindole
(DAPI; 0.01 wg/ml in PBS). Fluorescence microscopy was performed as de-
scribed previously (28). Quantitative analyses were performed with Openlab
software according to the following guidelines. (i) All fluorescence images were
captured within the linear range of the camera. (ii) Nuclei were defined by DAPI
staining. (iii) Exposure times were recorded for each image captured and fac-
tored into each data set to allow for a comparison of a range of expression levels.
(iv) A separate background fluorescence measurement was captured and sub-
tracted from each image. The statistical significance of all quantitative data was
assessed with Student’s ¢ test (homoscedastic, two-tailed distribution).

Microinjections. Microinjections were performed as described previously (27).
L12-GGHg, GGNLS, and L23-GFP were injected at 3.75 pM (unless otherwise
indicated in figure legends), wild-type Ran was injected at 100 pM, Q69L Ran
was injected at 41 pM, and myc-UbcM2-H,, and zz-BIB-H were each injected at
50 uM. Cells were incubated for either 10 or 30 min (as indicated in the figure
legends) at 37°C following injections, prior to being processed for fluorescence
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TABLE 1. Results of two-hybrid screens with importin
11 proteins as bait”

Bait Prey (no. of clones)

UbcM2 (2)
Npap60 (1)
rpL12 (1)
Ran (1)
UbcM2 (1)
rpL12 (5)
KIAA312p (1)

Importin 11 (wild type)

Importin 11(78-975)

“Two screens were carried out, one with human, wild-type importin 11 as the
bait and a second with an amino-terminal deletion mutant lacking 77 amino
acids, importin 11(78-975). A list of the mouse proteins (prey) recovered from
each screen is shown along with the number of independent clones retrieved (in
parentheses).

microscopy. For the time-lapse experiments, cells were maintained on a heated
stage at either 25 or 30°C for L23-GFP or L12-GGHy injections, respectively.
Starting immediately prior to each injection, images were captured every 9 s for
3 min.

Binding assays. All binding assays were carried out at 4°C. 33S-labeled impor-
tin 11 and importin-B were synthesized by in vitro transcription translation by
using the pKH;-importin 11 and pKH;-importin-f vectors, respectively, as tem-
plates, according to the manufacturer’s instructions (Promega). For the rpL12
competition experiment, 0.5 pg of Ubc-GGH¢ was incubated in 60-pl reaction
mixtures containing *>S-labeled importin 11, 20 pl of Ni>*-NTA agarose beads,
increasing amounts of either recombinant rpL12-zz or zz (1, 5, or 10 pg), and
binding buffer 1 (50 mM HEPES-KOH [pH 7.5], 100 mM LiCl, 0.25% Tween 20,
5 mM MgCl,, 5% bovine serum albumin [BSA]). Reaction mixtures were shaken
at 1,400 rpm for 1 h, and bead-associated proteins were pelleted by centrifuga-
tion (Eppendorf microfuge, 4°C, 4 min, 16,000 X g) and rinsed with 2X 500 wl
of binding buffer 1 lacking BSA and 1X 500 pl of PBS, prior to being solubilized
with 20 pl of 2X concentrated Laemmli buffer. The bound proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and visualized by either Coomassie brilliant blue (CBB) staining or
fluorography. For the BIB binding experiment, 3.6 pg of zz-BIB-H was incu-
bated in 50-pl reaction mixtures containing either **S-labeled importin 11 or
35S-labeled importin-, 20 ul of Ni>*-NTA agarose beads, and binding buffer 2
(50 mM HEPES-KOH [pH 7.5], 100 mM NacCl, 0.5% Tween 20, 5 mM MgCl,,
5% BSA). Reaction mixtures were shaken at 1,400 rpm for 1 h. The bead-bound
complexes were then rinsed twice with binding buffer 2 lacking BSA and com-
bined with 7 puM GST-Ran preloaded with GTP, 7 pM GST-Ran(T24N), or
binding buffer 2. After a 30-min incubation, the supernatant from each reaction
was solubilized for SDS-PAGE, CBB staining, and fluorography. The remaining
bead-bound complexes were then rinsed with 500 pl of PBS prior to being
solubilized for SDS-PAGE, CBB staining, and fluorography. Binding assays to
demonstrate a direct interaction between rpL12 and importin 11 were done as
described previously (28).

RESULTS

As a strategy to identify candidate import cargoes for the
transport receptor importin 11, we carried out separate yeast
two-hybrid screens with wild-type importin 11 and an amino-
terminally truncated importin 11, importin 11(78-975), as baits
and a mouse cDNA library as the source of prey proteins.
From these screens, we recovered multiple independent clones
for two putative transport substrates, the ubiquitin-conjugating
enzyme, UbcM2, and rpL12 (Table 1). No other mouse ribo-
somal proteins were recovered from the screens, suggesting
that the interaction with rpL12 is specific. Previously, we dem-
onstrated that importin 11 mediates the nuclear import of
UbcM2 (28). In the present study, we examine the relationship
between rpL12 and importin 11.

All other ribosomal proteins that have been tested to date
can be imported by the general ribosomal protein import path-
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FIG. 1. rpL12 binds specifically and directly to importin 11. (A) HF7c (MATa) yeast that express the GAL4 DBD alone (Vector) or the
indicated transport receptors as GAL4 DBD fusions (Bait) were mated with the W303 (MATa) strain expressing either the VP16 TA domain alone
(Vector) or as a fusion with Ran or rpL12 (L12) (Prey). Diploid yeasts were selected on Leu™ Trp~ plates and replica plated onto Leu™ Trp~ His™
plates. Growth of yeast on the triple dropout plates indicates an interaction between the bait and prey proteins. (B) GST-L12 (83 nM) or GST
(357 nM) was mixed with S-protein agarose beads plus Hg-S-imp-11, and GST-L12 was also mixed with beads alone. Bound proteins were
immunoblotted with an anti-GST antibody (Anti-GST blot) or with peroxidase-conjugated S-protein (S-prot blot). (C) **S-labeled importin 11,
expressed by in vitro transcription-translation, was incubated with recombinant UbcGGHg, Ni**-agarose beads, and increasing amounts of either
recombinant L12-zz or zz (free competitor). Proteins remaining associated with the beads were separated by SDS-PAGE and detected by CBB
staining (UbcGGHyg) or fluorography (**S-labeled Imp-11). (D) **S-labeled importin 11 or importin-B was combined with recombinant zz-BIB-Hg
immobilized on Ni®*-agarose beads or with beads alone. Bead-associated proteins were eluted by buffer (buffer), by GST-Ran loaded with GTP
(Ran:GTP), or by GST-Ran(T24N), a mutant Ran that is defective in nucleotide binding [Ran(T24N)]. Proteins remaining associated with the
beads (Bound Imp-11, zz-BIB-H, input, and Bound Imp-B), and those eluted (Released Imp-11, Ran, and Released Imp-B) were resolved by
SDS-PAGE and detected by either CBB staining (zz-BIB-H, and Ran) or fluorography (Bound and Released Imp-11 and Imp-8). Ten percent
of the starting material added to each reaction is shown (Input). Full-length (F.l.) **S-importin 11 is indicated by an arrow. The bound fraction

represents 50% of the bead-associated proteins, and the released fraction represents 37.5% of the eluted proteins.

way, comprised of multiple karyopherins (15, 32, 33). To de-
termine whether rpL12 belongs to this group of proteins and
can access the general pathway, we tested whether rpL.12 could
interact with importin 5 or importin-@, in addition to importin
11, by using a yeast two-hybrid mating assay. The results of
such an assay (Fig. 1A) show that rpL12 interacted with both
wild-type importin 11 and importin 11(78-975), a mutant that
lacks 77 amino acids from the N terminus and does not effi-
ciently bind Ran:GTP (28). In contrast, it did not interact with
either importin-B or importin 5. The expression and functional
integrity of these two transporters were confirmed by their
interaction with Ran. These data demonstrate that, in this
assay, ribosomal protein rpL12 interacts with importin 11 and
not with two other importins implicated in the general ribo-
somal protein import pathway.

To determine if rpL12 and importin 11 can interact directly,
we carried out bead-binding assays with bacterially expressed
forms of each protein. Hg-S-tagged importin 11 (HeS-Imp-11)
was immobilized on nickel-NTA beads and incubated with

either GST-L12 or GST. Following several washes, the bead-
associated proteins were solubilized, separated by SDS-PAGE,
and detected by immunoblotting. The results of this experi-
ment (Fig. 1B) show that rpL.12 and importin 11 can associate
directly in vitro.

We found previously that importin 11 mediates the nuclear
import of a ubiquitin-conjugating enzyme, UbcM2 (28). There-
fore, we next asked whether the binding of UbcM2 and the
binding of rpL12 to importin 11 are mutually exclusive (i.e.,
substrates cannot coimport) or whether the two import cargoes
bind to nonoverlapping sites (i.e., substrates may coimport).
For this experiment, we performed a competition assay using
recombinant UbcM2 bearing two, tandem GFP moieties and a
six-His tag as a carboxy-terminal fusion (Ubc-GGH,) immobi-
lized on nickel-NTA agarose beads. The beads were incubated
with in vitro transcribed-translated, *>S-labeled importin 11
plus increasing concentrations of either recombinant rpL12
bearing a carboxy-terminal zz tag (L12-zz) or, as a control, zz
alone. The amount of *>S-labeled importin 11 bound by Ubc-
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GGH, was then assessed by SDS-PAGE and fluorography. We
predicted that if rpL12 and UbcM2 bind an overlapping site on
importin 11, then L12-zz should compete the binding of im-
portin 11 to Ubc-GGHg, as indicated by a dose-dependent
decrease in **S-labeled importin 11 associated with the beads.
Conversely, if rpL12 and UbcM2 bind to nonoverlapping sites,
then L12-zz should not reduce the amount of **S-labeled im-
portin 11 bound by Ubc-GGHj,. The results of this experiment
(Fig. 1C) demonstrate that L12-zz effectively competes with
Ubc-GGHg, for **S-labeled importin 11 in a dose-dependent
fashion. These data imply that both cargoes interact with the
same or overlapping sites on importin 11 and cannot be im-
ported into the nucleus as a trimeric complex with importin 11.

To examine if importin 11 plays a role in the general ribo-
somal protein import pathway, *>S-labeled importin 11 or im-
portin-B was incubated with bacterially expressed zz-BIB-H,
immobilized on Ni**-agarose beads, or with beads alone. zz-
BIB-H, is a fusion of two tandem Z domains to the BIB
domain, the 43-amino-acid region of rpL.23a that binds import
receptors (15). Following multiple washes to remove unbound
proteins, the bead-bound complexes were incubated with ei-
ther buffer alone, GST-Ran preloaded with GTP, or GST-
Ran(T24N), a mutant that is defective in nucleotide binding
(17). Because the dissociation of importin-cargo complexes by
Ran:GTP is a hallmark of nuclear transport pathways, disrup-
tion of the bead-bound complexes by Ran:GTP is indicative of
a specific interaction in this assay (28). The eluted proteins, as
well as those remaining associated with the beads, were solu-
bilized for SDS-PAGE and detected by CBB staining or fluo-
rography. The results from this experiment show that importin
11 only weakly and nonspecifically interacted with the BIB
domain, and none of the receptor was specifically dissociated
by Ran:GTP (Fig. 1D, top set of panels). However, and as
shown previously (15), importin-B interacted with zz-BIB-Hg
in a Ran:GTP-sensitive fashion (Fig. 1D, bottom set of panels).
Because the BIB domain has been shown to avidly bind to four
different importins (15), these data further bolster the notion
that importin 11 may not be a major participant in the general
ribosome protein import pathway.

To investigate the nuclear import of ribosomal protein
rpL12, we expressed a carboxy-terminal fusion protein of
rpL12 bearing two, tandem GFP moieties (L12-GG) by tran-
sient transfection in baby hamster kidney (BHK) cells and
analyzed the intracellular distribution of this fusion protein by
fluorescence microscopy. The double GFP tag was used be-
cause ribosomal protein rpL12 has a mass of only 20 kDa and
is likely, therefore, to be able to diffuse freely between the
cytoplasmic and nuclear compartments. The L12-GG fusion
protein is ~80 kDa in mass and thus exceeds the diffusion limit
for the nuclear pore (estimated to be ~50 to 60 kDa) (4).
When expressed alone, L12-GG was distributed in both the
nucleus and cytoplasm and concentrated within the nucleoli,
the site of ribosome assembly (Fig. 2Aa). Because the reporter
protein was only minimally degraded, as assessed by anti-GFP
immunoblotting (data not shown), its nuclear localization in-
dicates that the import of rpL12 is carrier mediated.

Coexpression of L12-GG with tagged importin 11 increased
the nuclear accumulation of the fusion protein (Fig. 2Ac).
Quantitation of the nuclear and cytoplasmic GFP fluorescence
in these transfected cells revealed that, on average, cells trans-
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fected with L12-GG alone contained 48% of the fusion protein
in the nucleus, whereas those coexpressing exogenous importin
11 contained 70% of the reporter within the nuclear compart-
ment (Fig. 2A and B). This importin 11-dependent increase in
nuclear L12-GG often made visualization of distinct nucleoli in
these cells difficult (Fig. 2Ac). Importantly, this effect of im-
portin 11 on L12-GG localization was specific, because coex-
pression of different transport receptors, importin-g or impor-
tin 5, did not influence the nucleocytoplasmic distribution of
L12-GG [Fig. 2Ad and e and 2B; N/(N + C) = 0.47 and 0.50,
respectively]. Quantitation of the tagged importins in these
cells revealed that all three were expressed at approximately
equivalent levels (data not shown). In addition, overexpression
of wild-type importin 11 did not detectably influence the dis-
tribution of rpL23a, expressed as a GFP fusion (Fig. 2C).
Similar to rpL12, rpL.23a is a 60S subunit component that binds
to the 28S rRNA (16, 37). The influence of importin 11 on the
nuclear localization of rpL12 was further confirmed in cells
overexpressing importin 11(78-975). As predicted, this mutant,
which does not efficiently release cargo in response to high
Ran:GTP concentrations (i.e., within the nucleus) (28), can
interact with rpL12 (Fig. 1A), but did not increase the nuclear
accumulation of L12-GG [Fig. 2Ab and 2B; N/(N + C) = 0.45].
Furthermore, quantitation of L12-GG nucleolar fluorescence
revealed that importin 11(78-975), but not wild-type importin
11, decreased the average nucleolar accumulation of L12-GG
by ~35% (data not shown). This effect may result from the
mutant importin having a reduced affinity for Ran and there-
fore being able to compete for L12-GG binding with rpL.12
ribosomal binding partners in the nucleolus. Conversely, the
ability of wild-type importin 11 to bind Ran:GTP within the
nucleus should dissociate the importin 11-L12-GG complex
and thus eliminate any such competition. In contrast to this
reduction of nucleolar L12-GG, importin 11(78-975) had no
detectable effect on the nucleolar accumulation of L23-GFP
(Fig. 2C).

Collectively, these transfection data show that importin 11
specifically increases the nuclear accumulation of L12-GG and
are consistent with the hypothesis of importin 11 as a candidate
import receptor for rpL12. A similar effect on nuclear accu-
mulation, obtained with this assay, had been observed for
UbcM2 (28). An alternative explanation, which cannot be
ruled out, is that exogenous importin 11 increases L12-GG
nuclear accumulation by decreasing the incorporation of
L12-GG into ribosomes and/or reducing 60S subunit nuclear
export.

The role of the small GTPase, Ran, in nuclear transport is
well established (reviewed in references 5, 10, 20, 21, 24, 26, 41,
and 42). We examined the effect of Ran on rpL12 import by
microinjection of bacterially expressed rpL.12 bearing two, tan-
dem GFP moieties and a six-His tag fused at its carboxy ter-
minus (L12-GGHg). The L12-GGH, was mixed with injec-
tion marker and either wild-type Ran or Q69L Ran:GTP (a
GTPase-defective mutant that is constitutively GTP bound) (3,
17) and injected into the cytoplasm of BHK cells. After a
30-min incubation, the cells were fixed and permeabilized, and
the distribution of L12-GGH, was assessed by fluorescence
microscopy. Because Ran:GTP promotes dissociation of cargo
proteins from their import receptors (22, 31), this experiment
tests whether rpL.12 import is karyopherin and Ran mediated.
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FIG. 2. Importin 11 selectively increases the nuclear accumulation of rpL12. (A) Transiently transfected BHK cells ectopically expressing
L12-GG alone or with the indicated HA-tagged importins were fixed, permeabilized, DAPI stained, and analyzed by fluorescence microscopy.
Representative cells from each sample are shown. Panels a to e show the GFP fluorescence (L12-GG), and panels f to j show the DNA staining
(DAPI). Bar, 10 wm. Corresponding graphs show fractional nuclear GFP fluorescence for a range of expression levels of L12-GG, in the presence
or absence of the coexpressed importins. GFP images were captured such that no pixels were saturated and quantitated to obtain total fluorescence
(N + C) and nuclear fluorescence (N) for each cell. The data were compiled from 25 to 50 cells for each sample. The L12-GG images shown were
all captured with identical camera settings and exposure times and adjusted to the exact same settings using Photoshop software. As a result of
these postquantitative adjustments, some pixels appear to be saturated, especially in the nucleoli. (B) Average N/(N + C) calculated from the data
presented in the above scatter graphs. Standard error bars are indicated for each set of data, and statistical significance was determined by
comparing the N/(N + C) values obtained for L12GG alone to those from each of the other conditions by using Student’s ¢ test. P values are
indicated in parentheses below each bar of the graph. (C) BHK cells ectopically expressing a GFP fusion of ribosomal protein L23a (L23-GFP)
alone or with the indicated HA-tagged importins. Cells were processed as described for panel A. The left panels show the GFP fluorescence
(L23-GFP), and the right panels show the DNA staining (DAPI).
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The results (Fig. 3) demonstrate that the import of L12-GGHj
is Ran dependent, because Q69L Ran:GTP (Fig. 3d to f), but
not wild-type Ran (Fig. 3a to c), prevented the fusion protein
from accumulating in the nucleus. L12-GGH, did not effi-
ciently localize to nucleoli in these microinjection assays, sug-
gesting that nucleolar accumulation is a slow process for this
protein. Taken together, these data demonstrate that L12-
GGHg is functional for nuclear import and that rpL.12 import
is a Ran-mediated process.

We next set out to obtain further evidence that the increased
nuclear accumulation of L12-GG observed in cells overex-
pressing wild-type importin 11 was due to importin 11-medi-
ated import. Initially, we carried out in vitro import assays in
permeabilized cells, but these experiments were complicated
by the nonspecific binding of bacterially expressed L12-GGH,
to cytoskeletal components. We therefore proceeded with a
series of microinjection experiments in BHK cells to determine
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if L12-GGH, import could be specifically competed in intact
cells by another importin 11 transport substrate, UbcM2. For
these studies, L12-GGH, was introduced into the cytoplasm of
cells in the presence or absence of a 13-fold molar excess of
bacterially expressed, myc-tagged UbcM2 (myc-UbcM2-H).
After a short incubation, the intracellular distribution of L12-
GGH, was determined by fluorescence microscopy. In the
absence of myc-UbcM2-Hg, L12-GGHj injected into the cyto-
plasm of cells localized efficiently into the nucleus (Fig. 4Aa to
¢). However, coinjection of myc-UbcM2-H,, drastically reduced
the nuclear import and accumulation of L12-GGHj (Fig. 4Ad
to f), indicating that both rpL12 and UbcM2 are imported by
the same transport pathway(s) and that saturation of the im-
port receptor(s) with one cargo (i.e., myc-UbcM2-H,) prevents
import of the other (i.e., L12-GGHg). These results also cor-
roborate the in vitro competition data (Fig. 1C), indicating that
rpL12 and UbcM2 bind to overlapping sites on importin 11.

To test the specificity of the competition by myc-UbcM2-Hy,
several sets of control injections were done. First, cells were
coinjected with L12-GGHj, and a 13-fold molar excess of bac-
terially expressed zz-BIB-Hg. In this experiment, zz-BIB-Hg
represents an artificial import substrate for the general ribo-
somal protein import pathway (15). zz-BIB-Hg had only a
marginal effect on the nuclear import and accumulation of
L12-GGH, (Fig. 4Ag to i). A second series of control injec-
tions were carried out with a GFP fusion of rpL23a (L23-GFP)
* the myc-UbcM2-H, competitor protein. In contrast to L12-
GGHg, L23-GFP localized to the nuclei (and nucleoli) equally
efficiently in the absence or presence of myc-UbcM2-H, (Fig.
4B). Attempts to inhibit L23-GFP import with zz-BIB-H, were
hindered by immediate precipitation of the L23-GFP when the
two proteins were mixed together, under all buffer conditions
tested. A third set of controls, obtained with a nonribosomal
import substrate, confirmed that the competitor proteins were
not affecting global nuclear import in a nonspecific fashion.
Cells were injected with an artificial import substrate
(GGNLS) comprised of GST, GFP, and the NLS from the
simian virus 40 large-T antigen; this NLS has been shown to be
imported by the importin-a—importin-B heterodimer (1, 6, 9,
14, 23, 30, 40). The results of these injections (Fig. 4C) dem-
onstrate that GGNLS import was not diminished by coinjec-
tion of either myc-UbcM2-H, or zz-BIB-H,.

To further confirm that UbcM2 could specifically compete
the import of rpL12, time-lapse experiments were carried out
under conditions that permitted the initial stages of L12-
GGH, import to be analyzed. BHK cells were maintained on a
heated stage at 30°C for these experiments to reduce the rate
of L12-GGH, import such that translocation of the reporter
protein was less than 50% completed within 3 min. Further-
more, because L12-GGHy is too large to diffuse through the
nuclear pores and virtually none is exported from control cells
injected within nuclei over the same time course (data not
shown), these studies monitored unidirectional translocation
of the GFP reporter protein from the cytoplasm to the nucleus.
Images were captured every 9 s for 3 min, beginning immedi-
ately prior to microinjection. As can be seen in Fig. 5A, L12-
GGH, was imported equally efficiently into nuclei when in-
jected alone (Fig. 5Aa to d) or with a 13-fold molar excess of
zz-BIB-H competitor (Fig. SAi to 1). However, in the presence
of the myc-UbcM2-H, competitor protein, movement of L12-
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FIG. 3. Nuclear import of rpL12 is Ran dependent. BHK cells were microinjected into the cytoplasm with mixtures of L12-GGHj (9.3 wM) and
TRITC-labeled dextran (1 mg/ml) plus either wild-type Ran (a to ¢) or mutant Ran(Q69L) (d to f). Cells were incubated for 30 min at 37°C before
fixation. Panels a and d show TRITC fluorescence (Inj marker), panels b and e show GFP fluorescence (L12-GGHg), and panels ¢ and f show DNA
staining (DAPI). Forty to 50 cells/sample were injected with similar results. Bar, 10 pm.

GGHjg into the nucleus was greatly diminished (Fig. SAe to h).
The lack of inhibition of L23-GFP import by myc-UbcM2-H,
competitor protein in this assay (Fig. 5B, compare results with-
out competitor [panels a to d] to those with competitor [panels
e to h]) further confirmed that rpL.12 and rpL.23a access dis-
tinct pathways. It should be noted that for the L23-GFP time-
lapse experiments, cells were maintained at 25°C rather than
30°C, because the rate of import at 30°C was too high to allow
for imaging over several minutes. We interpret these time-
lapse data to indicate that rpL12 and UbcM2 share a common
transport receptor pathway.

Because UbcM2 has been shown to be transported by im-
portin 11 (28), these microinjection data, together with our
other experiments, support the hypothesis that the importin 11
pathway is a main route for rpL12 import. Furthermore, the
inability of myc-UbcM2-H, to detectably reduce the nuclear
import of L23-GFP (Fig. 4B and 5B) or of zz-BIB-H, to effi-
ciently prevent L12-GGH, import (Fig. 4A and 5A) implies
that the importin 11 pathway does not contribute significantly
to rpL23a translocation (i.e., the general nuclear import path-
way for ribosomal proteins). However, our data do not rule out
that importin 11 may play a secondary role in the nuclear
import of other ribosomal proteins. The results of the L23-
GFP control injections would also be predicted if rpL.23a in-
teracted with a domain of importin 11 that does not overlap
with the rpL12-UbcM2 binding domain on the receptor. This
alternate interpretation is not likely, since importin 11 did not
bind to the BIB domain in a Ran-sensitive fashion (Fig. 1E).
Nonetheless, these experiments do not rule out that importin
11 may bind rpL23 through a domain other than the BIB
domain.

DISCUSSION

The assembly and maturation of the 40S and 60S ribosomal
subunits are a complex, multistep, nuclear process. The protein

components of these structures are synthesized in the cyto-
plasm and efficiently transported into the nucleus for incorpo-
ration into nascently forming, preribosomal particles. Multiple
importins have been shown to independently promote the nu-
clear translocation of a handful of ribosomal proteins (15, 32,
33), and in vitro, import of bulk, purified ribosomal proteins
(15) and overlay assays (32) collectively indicate that the ma-
jority of ribosomal proteins likely access this general ribosomal
protein import pathway. In this study, we present data that the
60S ribosomal subunit protein rpL12 is imported into the nu-
cleus by a separate pathway mediated by the karyopherin im-
portin 11. Another ribosomal protein, rpL.23a, does not appear
to access this transport carrier. Why then does rpL12 utilize
this distinct import pathway? The answer to this question may
be based in kinetic analyses of 60S subunit assembly (18). In
these studies, the rpL12 of S. cerevisiae was found to associate
with the 60S subunit late in the assembly process, which sup-
ports the hypothesis that rpL12 could play a role in signaling
the final maturation and/or nuclear export of the 60S subunit.
Such a role might necessitate a distinct import pathway to
prevent rpL12 from having to compete with the bulk of ribo-
somal (and nonribosomal) import traffic or to allow control of
the maturation rate.

Correlative evidence for this hypothesis might be taken from
recent studies (36) with S. cerevisiae that describe a null mutant
of KAPI20, the gene coding the apparent yeast homolog of
importin 11 (28). A strain with deletion of KAP120 was found
to accumulate GFP-tagged rpl11b (a late-assembling 60S sub-
unit ribosomal protein) in the nucleus. The KAPI20 disruption
also caused a significant deficit in the production of mature 60S
subunits, but did not lead to trapping of the 40S subunit in the
nucleus or to global defects in nuclear import. The authors of
this study speculated that Kap120p may be an importer of
ribosomal proteins or of factors necessary for ribosome bio-
genesis or maturation, or, alternatively, may be involved in
export of the 60S subunit. However, the exporter Xpolp and
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FIG. 4. Nuclear accumulation of rpL12 is competed specifically by
an importin 11 transport substrate. BHK cells were microinjected into
the cytoplasm with mixtures containing a GFP-tagged import cargo
(3.75 uM), TRITC-labeled dextran (1 mg/ml), and, where indicated, a
competitor protein (50 pwM). Cells were incubated for 10 min at 37°C
before fixation. Thirty to 40 cells/sample were injected with similar
results. (A) Panels a, d, and g show TRITC fluorescence (Inj marker);
panels b, e, and h show GFP fluorescence from L12-GGHg; and panels
¢, f, and i show DNA staining (DAPI). Competitor proteins used were
myc-UbecM2-Hg (UbcM2) and zz-BIB-H (BIB). Bar, 10 pm. (B) Pan-
els j and m show TRITC fluorescence (Inj marker); panels k and n
show GFP fluorescence from L.23-GFP; and panels | and o show DNA
staining (DAPI). The competitor protein used was myc-UbcM2-H,
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an adapter protein, Nmd3p, were recently identified as the
mediators of 60S subunit export (7, 13). Taken together, these
studies are consistent with the notion that Kap120p, like its
human counterpart, importin 11, is involved in transporting a
late-assembling ribosomal component necessary for efficient
maturation and subsequent export of the 60S subunit.

Our data demonstrate that the import of rpL12 is distin-
guished from the import of other characterized ribosomal pro-
teins. The primary distinction is that rpL12 accesses the im-
portin 11 pathway as a main route for entering the nucleus,
whereas the bulk of yeast (32, 33) and mammalian (15) ribo-
somal proteins can be imported efficiently by multiple other
karyopherins. Two independent lines of in vivo data have led to
this conclusion. In transfection assays (Fig. 2), we found that
wild-type importin 11 specifically increased the nuclear accu-
mulation of an rpL12-GFP reporter protein (L12GG), whereas
neither a mutant importin 11, nor other importins, had such an
effect. Moreover, the most convincing evidence derives from
our microinjection assays (Fig. 4 and 5), in which import is
mediated by endogenous levels of importins. In these experi-
ments, we found that a different importin 11 cargo, UbcM2,
specifically competed L12-GGH, nuclear translocation or ac-
cumulation, but did not reduce the localization of either a
control ribosomal protein-GFP fusion, L23-GFP, or a sub-
strate that utilizes the classical importin-a—importin-g8 path-
way. Time-lapse analysis of the initial stages of L12-GGHj
translocation from the cytoplasm to the nucleus revealed that
the ability of myc-UbcM2-H, to compete L12-GGH, nuclear
accumulation (Fig. 5A) results from a reduction in L12-GGHg
import. Of course, based on the data presented, we cannot
conclude that rpL.12 only accesses the importin 11 pathway, but
the failure of zz-BIB-Hj to efficiently block L12-GGH, import
(Fig. 4A and 5) suggests that the general ribosomal protein
import pathway may only play a minor role in rpL12 import.
rpL12 was also shown to compete in vitro (Fig. 1C) and in vivo
(Fig. 4A and 5A) with UbcM2 for binding to importin 11,
indicating that the two cargoes are not coimported by importin
11. In contrast, the karyopherin-binding site (i.e., BIB domain)
of a prototypical ribosomal protein, rpL23a, can form a ternary
complex with a karyopherin (transportin) and the M9 domain
of hnRNP Al, a transportin-specific cargo (29, 34, 35), imply-
ing that transportin can coimport rpL.23a and hnRNP Al (al-
beit, such coimport in vitro was very inefficient) (15). Further-
more, the BIB domain was found to interact with importin-$ at
a domain that is distinct from the importin-a binding region of
importin-.

In summary, we have provided multiple lines of evidence
that importin 11 is a major transport receptor for rpL12 im-
port. These findings are important because they distinguish
rpL12 import from that of other characterized ribosomal pro-
teins that utilize the general ribosome protein import pathway.
Thus, our data suggest a novel, importin-mediated mechanism
for regulating ribosome biogenesis and highlight the functional

(UbcM2). (C) Panels p, s, and v show TRITC fluorescence (Inj mark-
er); panels g, t, and w show GFP fluorescence from GGNLS; and
panels r, u, and x show DNA staining (DAPI). The competitor proteins
used were myc-UbcM2-Hg (UbcM2) and zz-BIB-H, (BIB).



1274 PLAFKER AND MACARA

L12-GGHg

L12-GGHg
+
myc-UbcM2-Hg

L12-GGHg
+

22-BIB-Hg

Time post-inj (sec):

L23-GFP

L23-GFP
+
myc-UbcM2-Hg

Time post-inj (sec): 9

MoL. CELL. BIOL.

63 117 171

FIG. 5. myc-UbcM2-H reduces L12-GGH nuclear accumulation by competing L12-GGHj nuclear import. (A) BHK cells were maintained
at 30°C on a heated stage and injected in the cytoplasm with L12-GGHg (3.75 wM) alone (a to d) or with myc-UbcM2-Hy (e to h) or zz-BIB-H
(i to 1). GFP images were captured with 2-s exposures every 9 s for 3 min. Shown here are several time points for each condition tested from a
representative time-lapse experiment. Although the absolute amounts of nuclear accumulation varied between groups of injected cells, the relative
differences observed + myc-UbcM2-Hg were consistent. Note that the starting mean fluorescence intensities for the three cells shown are similar,
all images were manipulated identically, and the bright fluorescence at the top of panels e to h is due to a neighboring cell injected with a large
amount of L12-GGHg,. Also, panels a, e, and i have higher background fluorescence than the other panels due to residual L12-GGHj in the solution
bathing the cells. (B) BHK cells were maintained at 25°C on a heated stage and injected in the cytoplasm with L23-GFP (3.75 wM) alone (a to
d) or with myc-UbcM2-Hj (e to h). Time-lapse conditions were as in panel A.

significance of having a cellular transport system comprised of
multiple transport receptors.
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