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Nuclear export of newly transcribed 5S ribosomal RNA
in Xenopus oocytes occurs in the context of either a
complex with the ribosomal protein L5 (5S RNP) or
with the transcription factor IIIA (7S RNP). Here we
examine nuclear import of 5S RNA, L5 and TFIIIA.
The 5S RNP shuttles between nucleus and cytoplasm
and only 5S RNA variants which can bind to L5 gain
access to the nucleus. The 7S RNP is retained in the
cytoplasm. Only TFIIIA which is not bound to 5S RNA
is imported into the nucleus. As a novel mechanism for
cytoplasmic retention, we propose that RNA binding
masks a nuclear localization sequence in TFIIIA. In
contrast to the nuclear import of L5, import of TFIIIA
is insensitive towards the nuclear localization sequence
(NLS) competitor p(lys)-BSA, suggesting that these
two proteins make use of different import pathways.
Keywords: cytoplasmic retention/nucleocytoplasmic trans-
port/5S ribosomal RNA/TFIIIA/Xenopus laevis

Introduction

Intracellular transport of RNA and protein is regulated
via a repertoire of distinct signal structures which are
capable of directing macromolecules to the different
compartments of the eukaryotic cell. Regulated trafficking
between nucleus and cytoplasm involves proteins and
RNA. Considerable progress has recently been made in
respect of our understanding of protein import into the
nucleus. The signal structures that target proteins to the
nucleus are referred to as nuclear localization sequences
(NLSs) and two major classes of such sequences have
been distinguished, the SV40 type and the bipartite type
(Dingwall and Laskey, 1991). Zinc finger proteins may
contain a third type of motif located within their zinc
finger cluster (Van Wijk et al., 1992; Gashler et al., 1993;
Matheny et al., 1994). In vitro transport assays have
led to the identification of at least two distinct soluble
cytoplasmic activities involved in protein import (Adam
et al., 1990; Moore and Blobel, 1992). A complex of two
polypeptides including the NLS receptor activity selects
karyophilic proteins from the cytoplasm for interaction
with the nuclear pore complex (Adam and Adam, 1994;
Gorlich et al., 1994; Moroianu et al., 1995; Radu et al.,
1995; Weis et al., 1995). A second pair of proteins
mediates the energy-dependent translocation step through
the nuclear pore; one of these proteins is the GTPase Ran/
TC4 (Melchior et al., 1993; Moore and Blobel, 1993), the
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other one a small, 10 kDa Ran-interacting protein (Moore
and Blobel, 1994).

Molecular mechanisms of protein export from nucleus
to cytoplasm have only very recently been elucidated; it
had been proposed that some proteins may not require
positively acting export signals at all (Schmidt-Zachmann
et al., 1993), but other proteins, such as Rev, rely on the
presence of a nuclear export signal (NES) to gain exit
into the cytoplasm (Fischer ez al., 1995; Wen et al., 1995).
The protein import of GTPase Ran/TC4 has also been
reported to be required for protein export (Moroianu and
Blobel, 1995). Interaction of nuclear proteins with other
intranuclear components, such as DNA or RNA, is gener-
ally believed to influence protein import/export rates.

Following transcription, most, but not all RNA molec-
ules get exported from the nucleus to the cytoplasm; only
a subset of specific small RNA molecules is able to
migrate in the opposite direction (De Robertis et al.,
1982). Data accumulated on RNA export indicate that the
substrate for this process is RNP rather than naked RNA
(reviewed in Izaurralde and Mattaj, 1995). As with protein
export, nuclear retention appears to be a mechanism that
can regulate the RNA export rate (Jarmolowski et al.,
1994; Boelens et al., 1995). The export of different classes
of RNA that normally leave the nucleus is mediated by
specific, saturable factors (Zasloff, 1983; Jarmolowski
et al., 1994). Candidate export proteins for 5S ribosomal
RNA are TFIIIA and L5 (Guddat et al., 1990). Other
RNA binding proteins which have been implicated in
RNA export are the HIV Rev protein (Fischer et al., 1994)
and the SRP proteins 9 and 14 (He et al, 1994). The
hnRNP protein A1 shuttles between nucleus and cytoplasm
and since it associates with poly(A)®™ RNA in both
compartments, it may be involved in mRNA export (Pinol-
Roma and Dreyfuss, 1992).

It is of primary interest to identify export signals in
nuclear RNPs (if they exist) and to identify protein
components of the export RNPs. The 5'm’G cap structure
has been demonstrated to be important for U snRNA and
mRNA export (Hamm and Mattaj, 1990; Jarmolowski
et al., 1994). A protein binding to the monomethyl-
cap structure has been purified and demonstrated to be
important for the export of U snRNA (Izaurralde et al.,
1995). As with protein import and protein export, the
GTPase Ran/TC4 and the associated GTP exchange factor
RCC1 are known to be involved in mRNA export in yeast
(Amberg et al., 1993; Kadowaki et al., 1993; Schlenstedt
et al., 1995). More recently, the importance of RCC1 in
RNA export was also demonstrated for mammalian cells;
here, RCC1 was found to be required for export of
snRNAs (Cheng et al., 1995).

After U snRNP assembly and hypermethylation of the
5'm’G-cap to m;G-cap in the cytoplasm (Mattaj, 1986),
particles migrate into the nucleus where they exert their
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biological function. Such snRNPs utilize a bipartite NLS
composed of the Sm-core domain and the m;G-cap
(Fischer and Liihrmann, 1990; Hamm et al., 1990).
Differential sensitivity to various competitors of nuclear
import indicates that most karyophilic proteins make use
of a different import pathway than the majority of snRNPs
(Fischer et al., 1991, 1993; Michaud and Goldfarb,
1991, 1992).

In stage V/VI Xenopus oocytes, 5SS ribosomal RNA
synthesized in excess over other ribosomal components is
found in the context of small, non-ribosomal RNPs. These
can be either 7S RNPs, i.e. 5S RNA plus the zinc finger
protein TFIIIA (Picard and Wegnez, 1979; Honda and
Roeder, 1980; Pelham and Brown, 1980), or 5S RNPs,
i.e. 5S RNA plus the ribosomal protein L5 (Guddat e? al.,
1990; Allison et al., 1991). Oocyte-type 5S RNA, which
differs in only 6 of 120 nucleotides from somatic-type 5SS
RNA, appears to have a preference for TFIIIA binding,
whereas somatic-type 5SS RNA appears to prefer LS for
RNP formation (Allison et al., 1995). Both particles form
in the nucleus with newly transcribed 5S RNA and they
are then exported for storage in the cytoplasm (Guddat
et al., 1990). 5S RNA re-import into the nucleus is a
selective process (DeRobertis et al., 1982) that can be
inhibited by wheatgerm agglutinin and appears to be an
energy-requiring process (Allison et al., 1993). Early
immunohistochemical data had provided first evidence for
nuclear exclusion of 7S RNPs (Mattaj et al., 1983). It has
been suggested that 5SS RNA can be exchanged from
microinjected 7S RNP to 5S RNPs. Such 5S RNPs
produced by RNA exchange in the cytoplasm can also be
detected in the nucleus (Allison et al., 1991). Taken
together, these findings suggest that, in the oocyte, 5S
RNA is exported from the nucleus either as 7S RNP or
5S RNP, and that, in association with ribosomal protein
L5, this ribosomal RNA can return to the nucleus for
ribosomal assembly in the nucleoli.

This study generates further support for the validity of
this working hypothesis and provides insight into the
molecular mechanisms that regulate the nucleocytoplasmic
distribution of the three components in this system. 5S
RNA binding is found to act as the key element in
cytoplasmic retention of TFIIIA. In contrast, ribosomal
protein L5 is imported into the nucleus in association with
5S RNA, and differential sensitivity towards the competitor
p(lys)-BSA suggests that the two proteins make use of
different import pathways. The ability of 5SS RNA to be
imported into the nucleus correlates with its ability to
bind to ribosomal protein LS5; indicating that 5 RNA
import occurs in the context of an RNP rather than as
naked RNA.

Results

Nuclear import of 5S RNA variants

The ability of Xenopus laevis somatic 5S RNA to enter
the nucleus after microinjection into the cytoplasm of
Xenopus oocytes is a selective and temperature-dependent
process (Figure 1A), as was to be expected from similar
experiments performed with either human or Xenopus
oocyte 5S RNA (De Robertis et al., 1982; Allison et al.,
1993). With the intention to correlate the ability of 5S
RNA to bind TFIIIA or ribosomal protein L5 with its

1384

Fig. 1. Nuclear import of 5S RNA correlates with the ability to bind
to ribosomal protein L5. (A) Intracellular distribution of 32p_jabelled
5S RNA and tRNA after co-injection into the cytoplasm of X.laevis
oocytes and after incubation at different temperatures. The oocytes
were dissected either immediately after microinjection (1) or 16 h later
after incubation at 6°C (2), at 12°C (3) or at 19°C (4). RNAs extracted
from cytoplasmic (C) or nuclear (N) fractions were separated on
denaturing polyacrylamide gels and visualized by use of a phospho-
imager. (B) Nuclear import of 32P-labelled 55 RNA mutants Maxi,
CAG67 or M2 after cytoplasmic microinjection. Maxi and CA67 were
co-injected (top) whereas M2 was injected in a separate experiment
(bottom). At different times after injection (indicated at the top),
oocytes were dissected and RNAs from cytoplasmic or nuclear
fractions were analysed as described in (A).

ability to be imported into the nucleus, we have performed
cytoplasmic injections of mutant variants of 5S RNA
which were either impaired in their capacity to bind to
TFIIIA, or to LS, or to both proteins (Figure 1B) (Guddat
et al., 1990). The Maxi 5S RNA variant, which will only
interact with TFIIIA, is sequestered in the cytoplasm,
whereas the CA67 variant, which will only interact with
ribosomal protein L5, is imported into the nucleus at a
rate comparable with WT 5S RNA. Mutant M2, which is
reduced in its ability to interact with both proteins,
remains in the cytoplasm. Note that, probably as a direct
consequence of this lack of protein-binding activity, M2
RNA exhibits significantly reduced stability in comparison
with the other RNAs tested. These findings indicate that
5S RNA enters the nucleus in a complex with L5 (5S
RNP), whereas the complex with TFIIIA (7S RNP) is
retained in the cytoplasm.

Interaction of TFIlIA with 5S RNA results in
cytoplasmic retention

In order to assay the nuclear import of L5 and TFIIIA
proteins in the stage V/VI oocyte situation, myc-tagged
protein versions were produced in vitro and microinjected
into the cytoplasm of such cells (Figure 2A). L5 accumu-
lates in the nucleus, whereas TFIIIA remains sequestered
in the cytoplasmic compartment. Although this result
matches exactly that which we would infer from the
results obtained with mutant RNA on the nuclear import
of the corresponding RNPs (as described above), this lack
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Fig. 2. Cytoplasmic retention of TFIIIA correlates with the ability to
bind to 5S RNA. (A) Nuclear import of LS and TFIIIA in Xenopus
oocytes. In vitro translated 33S-labelled LS-tag and TFIIIA-tag proteins
were co-injected into the cytoplasm of Xenopus oocytes. At different
times after injection (indicated at the top) the oocytes were dissected
and the proteins were immunoprecipitated from cytoplasmic or nuclear
fractions using the myc-Ab. Extracted proteins were separated by
SDS-PAGE and visualized by use of a phosphoimager. (B) Binding of
5S RNA to in vitro translated WT and mutant TFIIIA proteins. The
proteins were in vitro translated in the presence of 32p_Jabelled 58
RNA. This reaction was followed by an immunoprecipitation with
o-TFIIIA-Ab. The immunopellet was divided into two fractions, and
either proteins (top) or the co-precipitated 5S RNA (bottom) were
analysed by SDS or denaturing polyacrylamide gel electrophoresis,
respectively. (C) Nuclear import of TFIIIA and TFIIIA mutant
proteins in Xenopus oocytes. In vitro translated and 355-labelled myc-
tagged versions of either TFIIIA and TFIIIAAS5-6 (top) or TFIIIAA2
and TFIIIAAS5-6 (bottom) were co-injected into the cytoplasm. At
different times after injection (indicated at the top) oocytes were
dissected and the proteins immunoprecipitated from cytoplasmic and
nuclear fractions using the o-TFIIIA-Ab. The extracted proteins were
analysed as described in (A). (D) Schematic representation of proteins
used in the experiments described above. The hatched boxes denote
the myc-tag, closed boxes denote the zinc finger units in TFIIIA
proteins. Internal deletions are indicated.

of TFIIIA import raises further questions. TFIIIA function
as a transcription factor and the formation of export RNPs
with newly transcribed 5S RNA requires prior uptake of
the protein into the nucleus. This apparent dilemma
prompted us to ask if TFIIIA import could be blocked by
RNA binding. Two different lines of experimental evidence

Cytoplasmic retention of 5S RNA containing RNPs
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Fig. 3. 5S RNA inhibits nuclear import of TFIIIA in X.laevis oocytes.
Microinjections, extraction of injected proteins and analysis of
extracted proteins were performed as described in Figure 2A. All
oocytes used in this experiment were injected with either TFIIIA
mRNA (+) or with water (=) 24 h before the injection of in vitro
translated 3°S-labelled TFIIIA-rag. Where indicated, the protein was
co-injected with 2.5 pmol X./aevis 5S RNA or with 2.5 pmol bovine
liver tRNA. The injected oocytes were dissected (N/C) either
immediately or 24 h after injection of 35S-labelled TFIIIA-tag protein
(indicated at the top).

argue that this is indeed the case. First, a mutant version
of TFIIIA that has lost the ability to bind to 5S RNA due
to internal deletion of fingers 5 and 6 (Figure 2B) is
readily imported into the nucleus after microinjection into
the cytoplasm (Figure 2C). A different variant of TFIIIA,
that has lost its ability to bind to DNA due to internal
deletion of finger 2 but maintains RNA binding activity
(Theunissen et al., 1992) is retained in the cytoplasm, as
is WT TFIIIA (Figure 2C). This result indicates that the
cytoplasmic retention of TFIIIA depends on its 5S RNA
binding activity. However, the finger 5/6 region of TFIIIA
could equally interact with a different cytoplasmic anchor.
Therefore, we designed an experiment that provides more
direct evidence for the importance of 5S RNA in the
cytoplasmic retention of TFIIIA.

The number of 5S RNA molecules available for TFIIIA
binding should be saturable; saturation should be achieved
by increase of the TFIIIA concentration in the oocyte
above a critical threshold value. Such an increase in
the intracellular TFIIIA concentration was obtained by
microinjection of TFIIIA mRNA into the oocyte before
injection of radiolabelled, full-length TFIIIA (Figure 3).
A substantial portion of the radioabelled TFIIIA is now
indeed able to enter the nucleus. Therefore, cytoplasmic
retention of TFIIIA is a saturable process. The nuclear
import of TFIIA that is achieved by this increase in
protein concentration can be blocked by a parallel increase
of 5S RNA concentration via oocyte microinjection, but
not with extra tRNA. Note that the residual level of
TFIIIA import observed in this particular experiment also
without prior overexpression of unlabelled TFIIA is
equally inhibited by 5S RNA but not by tRNA.

The strict correlation of RNA binding and cytoplasmic
retention of TFIIIA observed could be the result of either
one out of two different molecular mechanisms. Either 58
RNA binding makes TFIIIA unavailable for the import
machinery by masking the NLS function, or 5S RNA
serves as a linker with a cytoplasmic anchor. In order to
distinguish between these two possibilities, an SV40-type
NLS was fused to TFIIIA, which should bring the 5S

1385



F.Rudt and T.Pieler

Fig. 4. SV40-NLS fusion relieves cytoplasmic retention of TFIIIA.
(A) SV40-NLS-fusion mediates nuclear import of TFIIIA and can be
inhibited by p(lys)-BSA. In vitro translated, 3°S-labelled TFIIIA-ptag-
NLS and TFIIIA-tag were co-injected into the cytoplasm and the
nucleocytoplasmic distribution of the injected proteins was analysed
either immediately or 24 h after injection. Where indicated, oocytes
were injected with p(lys)-BSA (20 mg/ml) before the injection of the
35S-labelled proteins. The experiments shown in the left- and in the
right-hand panels were performed separately with different
preparations of in vitro translated 3°S-labelled proteins.

(B) Association of 5S RNA with L5-ptag, TFIlIIA-ptag or TFIIIA-
ptag-NLS in Xenopus oocytes. Oocytes were injected with either water,
or L5-ptag mRNA, or TFIIIA-ptag mRNA or with TFIIIA-ptag-NLS
mRNA and incubated for 4 h at 19°C, followed by a second,
cytoplasmic injection with 32P-labelled 5S RNA. Twenty-four hours
after the second injection the oocytes were manually dissected and
cytoplasmic and nuclear fractions were subjected to immuno-
precipitation with a myc-tag antibody. Co-precipitation of 3?P-labelled
5S RNA was analysed by denaturing polyacrylamide—gel electro-
phoresis and by phosphoimaging. (C) Schematic representation of
TFIIIA-tag-NLS, TFIIIA-ptag and L5-ptag. The grey, hatched and
closed boxes denote the SV40-NLS, the polymyc-tag (ptag) and the
zinc finger units, respectively.

RNA/TFIIIA complex into the nucleus if it was not bound
to a cytoplasmic anchor. A similar strategy had been
employed in the analysis of the mechanism that regulates
nuclear transport of NF-xB (Beg et al, 1992). TFIIIA
that contains an SV40 type NLS is no longer retained in
the cytoplasm (Figure 4A). Note, however, that nuclear
transfer of this TFIIIA-NLS fusion is very inefficient (see
Figure 2C for comparison). This effect indicates that the
SV40-type NLS-mediated pathway for the nuclear import
of proteins is not very effective for RNPs. The idea that
the SV40-type NLS fusion to TFIIIA is indeed responsible
for the protein import observed is also supported by the
finding that nuclear transport of TFIIIA-ptag—NLS is
inhibited by the basic competitor protein p(lys)-BSA
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(Figure 4A). Finally, the fact that 5S RNA is co-immuno-
precipitated with TFIIIA—ptag—-NLS from both cytoplasmic
and nuclear fractions (Figure 4B) is in line with the idea
that it is the RNP and not the free protein that gets
imported into the nucleus. Taken together, observations
described in this section provide strong evidence for the
idea that 5S RNA binding makes TFIIIA unavailable for
the protein import machinery, perhaps by masking the
NLS in TFIIIA.

Differential sensitivity of 5S RNA, TFIlIA and L5
towards inhibitors of nuclear import

In contrast to L5, TFIIIA does not contain a primary
sequence element that would match the NLS consensus
sequences as defined by Dingwall and Laskey (1991).
Several agents have been employed successfully in order
to inhibit the nuclear import of proteins and RNA. The
monoclonal antibody 414 (mAb 414) is directed against
nucleoporins (Davis and Blobel, 1986) and it inhibits
RNA import and export in Xenopus oocytes (Michaud
and Goldfarb, 1992; Terns and Dahlberg, 1994). Similarly,
wheatgerm agglutinin (WGA) is a lectin that binds to
glycosylated components of the nuclear pore complex and
thereby inhibits protein import as well as, in a dose-
dependent manner, nuclear import of different U snRNAs
(Michaud and Goldfarb, 1992). BSA cross-linked with
synthetic peptides based on the SV40 large T-antigen
nuclear localization sequence [p(lys)-BSA] inhibits protein
and U6 snRNA import, but not import of other U snRNAs
(Michaud and Goldfarb, 1991, 1992). We tested the effect
of these different agents on nuclear import of 5S RNA,
ribosomal protein LS and the import-competent TFIIIA
variantA5/6 (Figure 5). The inhibition of 5S RNA import
observed with WGA confirms an earlier report by others
(Allison et al., 1993). The second inhibitor that is known
to interact with nucleoporins, mAb 414, equally interferes
with import of 5S RNA (Figure 5A).

The two agents which interact with components of the
nuclear pore, WGA and mAb 414, both inhibit nuclear
transport of the two proteins L5 and TFIIIAAS/6 (Figure
5B and C, respectively). However, differential effects
were observed with p(lys)-BSA; this inhibitor reduces
nuclear import of LS, which contains a canonical NLS
(Figure SB). In marked contrast, import of neither TFIIIA
A5/6 nor 5S RNA is affected by the same dose of p(lys)-
BSA (Figure 5A and C). In respect to TFIIIA, this finding
supports the idea that this protein makes use of an import
pathway that does not operate via an NLS receptor that
interacts with the SV40-type nuclear localization sequence.
The exact identity of the NLS in TFIIIA remains to
be established, but preliminary experimental evidence
suggests that it will be located within the zinc finger
cluster (F.Rudt and T.Pieler, unpublished observations) as
has been reported for other zinc finger proteins (Van Wijk
et al., 1992; Matheny et al., 1994). The failure of 5S
RNA mutants that cannot interact with ribosomal protein
L5 to enter the nucleus (as described above) would suggest
that inhibition of LS import should equally result in
cytoplasmic retention of 5S RNA. This, however, is not
the case; at a concentration that is sufficient to inhibit
nuclear transfer of LS to a significant extent, p(lys)-BSA
has no effect on the import of 5S RNA (Figure 5B
and A, respectively). One way to explain this apparent
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Fig. 5. Inhibitors of nuclear import of 5S RNA, L5 and TFIIIAAS-6.
In the experiments shown in (A), (B) and (C) either 20 nl of water
(=), WGA (10 mg/ml), mAb414 (25 mg/ml) or p(lys)-BSA (20 mg/ml)
were injected into the cytoplasm of oocytes before a second injection
of either 32P-labelled 5S RNA (A), or myc-tagged versions of LS (B)
or TFIIIAAS-6 proteins (C). The oocytes were incubated for 20 h and
nuclear import of the RNA or of the proteins was analysed as
described. (D) Saturability of the nuclear import of 5S RNA. The
nuclear import of 3?P-labelled 5S RNA was determined 24 h after its
injection either in the absence of unlabelled 5S RNA or the presence
of increasing amounts of unlabelled 58 RNA (indicated at the top).

contradiction is to claim that free L5 and 5S RNA/LS5
complex (5S RNP) make use of different import pathways.
If this were true, it could have the important implication
that the NLS in the protein is functionally distinct from
the NLS in the RNP. Experiments which address this
problem have been initiated in our laboratory.

If a saturable cytoplasmic protein factor like L5 would
indeed be required for nuclear import of 55 RNA, this
process should be competed by excess 5S RNA. In order
to test this idea, oocytes were preinjected with unlabelled
5S RNA and the nuclear import of radiolabelled 5S RNA
from a secondary injection analysed following the standard
protocol (Figure 5D). The results obtained demonstrate
that 5S RNA import in Xenopus oocytes is saturable,
providing further evidence for an important function of a
specific 5S RNA binding protein like L5 in the nuclear
transport of this RNA molecule. Note, however, that
import of 5S RNA can also be inhibited by a similar
quantity of tRNA although there is only residual tRNA
binding activity measured with L5 (data not shown). This
unexpected finding raises the possibility that the import/
export pathways for the different RNPs overlap and that
even though tRNA is not imported into the nucleus, it
may bind directly or indirectly to a factor that is required
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Fig. 6. Nucleocytoplasmic transport of the 5S RNP and the 7S RNP.
(A) Schematic representation of nucleocytoplasmic transport of 5S
RNP and 7S RNP in Xenopus oocytes. (B) Comparison of the nuclear
export of 58 RNA mutants Maxi and CA67. Plasmids containing the
Maxi or the CA67 genes were co-injected together with [o-32P]JGTP
into the nucleus of Xenopus oocytes. At 1 h after injection the oocytes
were injected a second time with 20 nl a-amanitin (300 pg/ml) in
order to inhibit the transcription of the injected genes. The
nucleocytoplasmic distribution of 32P-labelled RNAs was analysed
after 5 and 20 h as described above. (C) Effect of increased levels of
LS or TFIIIA concentration on the nuclear import of 5S RNA.
Oocytes were injected with either water as a control, or with L5
mRNA or TFIIIA mRNA. Two hours after this first injection,
32p_Jabelled 5S RNA was injected into the cytoplasm of these oocytes
and its intracellular distribution was analysed 24 h later.

for 5S RNA transfer to the nucleus. As observed for 5S
RNA export with nuclear injections (Jarmolowski et al.,
1994), cytoplasmic injection of poly(G) similarly interferes
with nuclear transfer of 5S RNA (data not shown), perhaps
by unspecific interaction with RNA binding protein(s)
involved in (5S) RNA import into the nucleus.

Further evidence for the shuttling of 5S RNPs

We have previously shown that nuclear export of 5S RNA
correlates with its ability to interact with either TFIIIA or
ribosomal protein LS (Guddat et al., 1990). Together with
the data reported in this communication, our findings
suggest a simple scheme for nucleocytoplasmic transport
of 5S ribosomal RNA containing RNPs which is illustrated
in Figure 6A. The 7S RNP forms in the nucleus and
becomes exported to the cytoplasm where it remains. In
contrast, the 5S RNP, which also forms in the nucleus, is
able to shuttle back and forth between nucleus and
cytoplasm. Such a simple model would suggest that a 5S
RNA variant which will only bind to TFIIIA should be
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quantitatively sequestered in the cytoplasm, whereas a
mutant version that will only bind to ribosomal protein
L5 should shuttle constantly between nucleus and cyto-
plasm and therefore reach an equilibrium distribution
between these two major cellular compartments. Figure
6B illustrates that this is indeed the case. In contrast to
our previous experiments, also using nuclear injection
of cloned 5S RNA genes (Guddat et al, 1990), RNA
transcription was stopped 1 h after injection of the gene
by a secondary injection of a critical dose of ¢i-amanitin
in order to stop the constant supply of newly transcribed
5S RNA in the nucleus; 5 h later, both RNA mutants are
found to migrate to the cytoplasm at a similar rate.
However, 20 h after the first injection, the TFIIIA binding
variant (Maxi) is quantitatively transferred to the cyto-
plasmic compartment, whereas the L5 binding 5S RNA
mutant (CA67) is distributed between nucleus and cyto-
plasm. Longer periods of incubation do not further affect
the nuclear/cytoplasmic ratio of CA67 (data not shown)
which we therefore assume to reflect the equilibrium
concentration of 5S RNPs.

The dynamics of 7S RNP/5S RNP migration between
nucleus and cytoplasm as depicted in Figure 6A would
also suggest that an increase in the concentration of
ribosomal protein LS5 should stimulate nuclear import of
5S RNA, whereas an increase in TFIIIA concentration
should enhance the rate of cytoplasmic retention. Such
modulations of protein concentration were achieved by
microinjection of mRNA corresponding to either TFIIIA
or L5 into Xenopus oocytes. Oocytes manipulated in
this way were then injected into the cytoplasm with
radiolabelled 5S RNA and import rates analysed following
the standard protocol. Increase in L5 concentration leads
to enhanced import, increase in TFIIIA concentration to
enhanced retention, as predicted from our model
(Figure 6C).

Discussion

We have analysed the correlation of protein-binding ability
and nuclear import of 5S ribosomal RNA in Xenopus
oocytes. Previous work had shown that newly transcribed
5S RNA associates with either ribosomal protein L5 or
TFIIIA and that the ability of RNP formation correlates
with 5S RNA export capacity (Guddat et al., 1990).
Experiments described in this report demonstrate that
RNA import is also correlated with RNP formation. Only
5S RNA molecules with ability to interact with ribosomal
protein L5 gain access to the nucleus. Conversely, RNA
associated with TFIIIA remains sequestered in the cyto-
plasm. Cytoplasmic retention is also observed for exogen-
ous TFIIIA microinjected into Xenopus oocytes.
Sequestration in the cytoplasm correlates with the ability
of the protein to bind to 5S RNA. Cytoplasmic retention
of TFIIIA is saturable; above a critical concentration,
TFIIIA is imported into the nucleus. This nuclear import
of excess TFIIIA can be inhibited by increasing the
concentration of 5S RNA.

One possible way in which 5S RNA could inhibit the
nuclear transport of TFIIIA is by masking a nuclear
localization sequence in the protein. NLS masking via
protein—protein interaction has been demonstrated to
regulate nuclear import of several proteins. The nuclear
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localization sequence of NF-xB is either masked by
interaction with IxkB (Beg et al., 1992), or, as in the case
of the p110 NF-xB precursor, by intramolecular folding
(Henkel et al., 1992). A different mechanism that leads
to NLS inactivation is chemical modification; phosphoryla-
tion in close proximity to the NLS in the yeast zinc finger
protein SWI/5 inhibits nuclear import (Moll et al., 1991).
A further example for cytoplasmic retention of a nuclear,
DNA binding protein in Xenopus oocytes is provided by
xnf7; a cytoplasmic retention domain (CRD) has been
mapped, which is dominant over a second NLS added to
xnf7, suggesting that CRD interacts with a cytoplasmic
anchor which could be connected to the cytoskeleton (Li
et al., 1994). Interaction with RNA constitutes a novel
molecular mechanism for cytoplasmic retention. Although
the NLS in TFIIIA has not been mapped precisely, the
fact that it is localized within the zinc finger cluster
(F.Rudt and T.Pieler, unpublished observations), suggests
that it may be masked by RNA binding, since all zinc
fingers were found to be in tight contact with the RNA
molecule (Theunissen et al., 1992). The fact that the vast
majority of the TFIIIA/5S RNA complex is found in the
soluble, low molecular weight fraction of oocyte extracts
provides a further argument against interaction with the
cytoskeleton or sequestration in large complexes to be the
reason for cytoplasmic retention of the 7S RNP (Mattaj
et al., 1983; Guddat et al., 1990).

Reduced sensitivity of TFIIIA against the import inhibi-
tor p(lys)-BSA suggests that TFIIIA makes use of a
different import pathway than L5 and the majority of
nuclear proteins (Michaud and Goldfarb, 1993). Since
saturating amounts of p(lys)-BSA have been described
not to reduce the rate of U2 snRNP import (Michaud and
Goldfarb, 1991), import pathways for TFIIIA and U2
snRNP could overlap. The existence of a family of proteins
structurally related to the NLS binding protein hSRPa
(Gorlich et al., 1994; Weis et al., 1995) indicates that a
typical eukaryotic cell may indeed use different but
perhaps overlapping import pathways for different nuclear
proteins and/or RNPs. Further support for such a notion
comes from a recent compilation of nuclear localization
sequences which allows for the classification of more than
six different subtypes (La Casse and Lefebvre, 1995) that
could interact with different types of NLS receptors.
Similarly, other factors involved in 5S RNP import, which
we also find to be insensitive towards p(lys)-BSA, remain
to be identified. It will be important to assay for an overlap
with the import pathways of other RNPs, which is very
likely to exist.

Finally, results reported in this communication add
information to the events that lead to 5S RNA incorporation
into ribosomes during oogenesis in X.laevis. 5S RNA that
is made in excess over other ribosomal components during
early stages of oogenesis is exported from the nucleus
primarily in a complex with TFIIIA. This 7S RNP is
sequestered in the cytoplasm. Upon increased synthesis
of ribosomal protein L5, which is paralleled by a significant
reduction in TFIIIA concentration towards late stages of
oogenesis (Shastry et al., 1984; Wormington, 1989), 5S
RNA could be exchanged from 7S RNP to 5S RNP
and thereby return to the nucleus for incorporation into
ribosomes, as proposed by Allison et al. (1991).



Material and methods

Plasmids and cloning procedures

Plasmids encoding the class III genes used for microinjection have been
described previously. References are Pieler et al. (1985) for the WT 5S
RNA gene. Guddat et al. (1990) for the M2 gene, Theunissen et al.
(1992) for the CA67 gene. Bogenhagen and Brown (1981) for the Maxi
gene and Clarkson er al. (1978) for the t-RNAMe! gene.

The T7-5SXIs clone is a M13mp18 derivative containing the WT 5S
gene flanked by the T7 promoter and a Dral restriction site. The T7
promoter and the Dral site have been introduced by site-directed
mutagenesis using synthetic oligonucleotides following the procedure
described by Kunkel (1985).

The plasmid T3myc/L5 N16 was kindly provided by Mike Wormington
(Charlottesville, USA). Due to cloning procedures this clone lacks the
sequence element coding for the first 16 N-terminal amino acids of the
WT L5b ¢DNA (Wormington, 1989).

For the construction of the T3mycTFIIIA and the SP6-WT-TFIIIA
clones. plasmid M13mp11-TFIIIA was used as a source for TFIIIA cDNA
fragments. M13mp11-TFIIIA contains the TFIIIA cDNA (Ginsberg et al..
1984) cloned as EcoRI-Hpal-fragment into the EcoRI/Hincll sites of
MI13mpll. The EcoRI-BamHI-fragment of MI13mpll-TFIIIA was
cloned into the same sites of pSPT19 in order to generate the SP6-WT-
TFIIA clone, from which TFIIIA can be expressed in vitro. For the
construction of the T3mycTFIIIA clone the M13mp11-TFIIIA DNA was
digested with Cfr10I which cuts once at the 5'-end of the TFIIIA coding
region. The recessed 3'-termini were filled using Klenow polymerase.
followed by the ligation of an 8mer EcoRI-Linker (New England Biolabs)
to the blunt end. This step was followed by a re-cutting with EcoRI and
an additional cut with BamHI, generating a fragment which contains the
TFIIIA cDNA shortened by 18 bp at the 5'-end. This EcoRI-BamHI-
fragment was cloned into the EcoRl/BamHI sites of the plasmid T3myc/
L5 NI16. thereby substituting the L5 ¢DNA by the modified TFIIIA
c¢DNA. When compared with the in vitro translated WT-TFIIIA protein,
the TFIIIA-tag protein showed no significant differences in nucleocyto-
plasmic transport (data not shown) or in 5S RNA binding (Figure 2B).
To generate T3mycTFIIIAAS-6 and T3mycTFIIIAA2 the Pstl-Sphl-
fragment of T3mycTFIIIA was substituted by the appropriate fragment
from either pAX4c+TFIIIAAS-6 or pAX4c+TFIIIAA2 (Theunissen
et al., 1992), respectively. The change of the amino acid sequence at
the N-terminus of the TFIIIA-tag proteins compared with the WT-
TFIIIA is shown below. The underlined letters denote the c-myc-epitope.
the proline represents the beginning of the amino acid identity.

WT-TFIIIA: MGEKALP
TFIlIA-tag: MEQKLISEEDLNSP

Immunoprecipitations with the myc-Ab are not very efficient under
the conditions used in our experiments. In order to increase immunopre-
cipitation efficiency, clones were generated which carry six repeats of
the c-myc epitope (ptrag). In these constructs, which encode L5-ptag and
TFIIIA-ptag. the Clal-Ncol-fragment of LS5-tag and TFIlIA-tag were
substituted by the Clal-Ncol-fragment of the plasmid CS2+MT (Rupp
et al., 1994; Turner and Weintraub, 1994). The immunoprecipitation
efficiency with the prag-proteins was ~3- to 4-fold higher compared
with the corresponding rag-proteins. The ptag has no influence on the
nucleocytoplasmic transport behaviour of these proteins, when compared
with the corresponding rag-proteins (data not shown).

To generate the SV40-NLS/myc-TFIIIA clone the TFIIIA c¢cDNA
containing EcoRI-Spel-fragment of T3mycTFIIIA was inserted into the
EcoRU/Xbal sites of the plasmid CS2+NLS-MT, which is a derivative
of CS2+MT. In CS2+NLS-MT a SV40 large T antigen nuclear
localization sequence (NLS) was introduced in front of the myc-tag
repeats. Except for the NLS, the vector is identical to CS2-+MT.

Expression of proteins in vitro

In vitro translations were performed using cDNAs cloned into vectors
that allow transcription by T3 or SP6 polymerases. Proteins were
expressed from these cDNAs in the coupled transcription/translation
(TNT) system from Promega. Reactions were performed following
the Promega (TNT) protocol and [**S]methionine or [*S]cysteine
(Amersham Corporation) were used for radiolabelling. In vitro translation
products were dialysed against injection buffer (10 mM PIPES, pH 7.4.
40 mM KCl. 10 mM NaCl) and analysed by SDS-PAGE and phosphoim-
aging (Molecular Dynamics).

Preparation of radiolabelled RNAs
For all in vitro transcriptions the RNA Transkription Kit from Stratagene
was used. In vitro transcription and radiolabelling of WT 5S RNA
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was performed following the standard reaction protocol supplied by
Stratagene. One microgram of Dral-digested T7-55XIs DNA was added
to this reaction and [0->2PJUTP (Amersham) was used for the radio-
labelling of the RNA. To remove unincorporated nucleotides the reaction
was applied to a Sephadex G-25 spin column (Boehringer) and the
eluted RNA was used directly for microinjection or binding assays.

The 5S RNA mutants Maxi. CA67, M2 and the t-RNA could not be
transcribed in vitro. For radiolabelling of these RNAs, plasmids con-
taining the appropriate genes were injected together with [o->?P]GTP
into oocyte nuclei. For each RNA to be transcribed 100 oocytes were
injected and incubated for 16 h at 19°C. Newly transcribed RNAs were
extracted as described below and separated on native 8% polyacrylamide
gels. Gel pieces containing the radiolabelled RNAs were cut out.
incubated in 400 pl RNA elution buffer (500 mM ammonium acetate,
10 mM magnesium acetate, 100 uM EDTA-NaOH, pH 8.0, 0.1% SDS)
for 24 h at room temperature. The eluate was ethanol-precipitated,
dissolved in water and used for microinjections.

Preparation of 5' -capped mRNAs

For in vitro synthesis of 5'-capped mRNAs the RNA Transcription Kit
from Stratagene was used but supplemented with the RNA cap structure
analogue [m’G(5")ppp(5')G. New England Biolabs] according to the
standard reaction protocol for the synthesis of in vitro capped RNA
transcripts (supplied with the manual of the Rabbit Reticulocyte Lysate
System, Promega).

Isolation of Xenopus 5S RNA

In order to isolate Xenopus 5S RNA, crude ovary homogenates were
phenol-extracted, the clear phase ethanol-precipitated and the precipitated
molecules were separated on a native 8% polyacrylamide gel. RNA
molecules were visualized by UV shadowing and the gel pieces con-
taining the 5S RNA were cut out, incubated in 400 pul RNA elution
buffer (500 mM ammonium acetate, 10 mM magnesium acetate, 100 uM
EDTA-NaOH. pH 8.0, 0.1% SDS) for 24 h at room temperature. The
eluate was ethanol-precipitated and dissolved in water.

Microinjection experiments

Stage V/VI oocytes were isolated by manual dissection of mature
X.laevis ovaries and maintained in 1 X MBSH at 19°C (Gurdon, 1977).
Samples of 10-20 nl were injected into the nucleus, or 40-50 nl into
the cytoplasm of the oocytes. Microinjected oocytes were maintained in
1 X MBSH for the indicated time at 19°C. The nucleus and cytoplasm
from each oocyte were separated manually at 4°C in 1 X MBSH and the
fractions homogenized. From each injection 10-20 nuclei and cytoplasm
were prepared. When 3S-labelled proteins were extracted, the nuclear
and cytoplasmic fractions were homogenized in NET-2 (50 mM Tris—
HCI, pH 7.4, 150 mM NaCl, 0.05% NP-40) supplemented with 1 mM
PMSF and | pg/ml pepstatin. The homogenates were centrifuged for
3 min (maximum speed in Eppendorf table centrifuge) and the supernatant
used for an immunoprecipitation (see below). The immunopellets were
dried. dissolved in SDS-sample buffer and aliquots of 5-10 oocytes were
analysed on 8% SDS-polyacrylamide gels followed by phosphoimaging
(Molecular Dynamics). When 32p_labelled RNAs were extracted, the
fractions were homogenized in TNES (20 mM Tris-HCIl, pH 7.6,
380 mM NaCl, 2 mM EDTA, 0.1% SDS), the homogenates centrifuged
and the supernatant extracted with phenol and phenol/chloroform. After
ethanol-precipitation. 5-10 oocyte equivalents of the RNAs were analysed
on 8% polyacrylamide-7 M urea gels followed by phosphoimaging
(Molecular Dynamics).

Immunoprecipitations

The a-TFIIIA-Ab or the myc-Ab (c-myc Ab-l/clone 9E10, Oncogene
Science, Inc.) (Evan et al., 1985), were bound to Protein A-Sepharose
(Pharmacia) or to GammaBind Plus Sepharose (Pharmacia), respectively.
for 2 h at room temperature in NET-2 buffer. The PAS- or PGS-antibody-
pellets were washed three times with 1 ml NET-2. Subsequently. in vitro
translated proteins or supernatants of homogenized cytoplasmic or
nuclear fractions of injected oocytes (see above) were added and
incubated for at least 1 h at 4°C. The immunoprecipitates were washed
three times with NET-2 buffer, dried and dissolved in SDS-sample
buffer. The samples were heated to 96°C and aliquots loaded on a SDS—
polyacrylamide gel.

Binding of 5S RNA to in vitro translated proteins

Proteins were in vitro translated in the coupled transcription/translation
(TxT) system of Promega and 32P-labelled 5S RNA and [*S]cysteine
were added to the reaction. The samples were incubated for 90 min at
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30°C and subsequently added to PAS-TFIIIA-Ab-pellets or PGS-myc-
Ab-pellets. The immunoprecipitation was performed in a final volume
of 500 pl for 1 h at 4°C. The immunoprecipitates were washed three
times with NET-2 and divided into two fractions. From one fraction the
co-precipitated 32P-labelled 55 RNA was phenol-extracted, ethanol-
precipitated and analysed on a 8% polyacrylamide-7 M urea gel followed
by phosphoimaging. The immunoprecipitate of the other fraction was
dried, dissolved in SDS-sample buffer and aliquots loaded on SDS-
polyacrylamide gels in order to analyse the amounts of the 33S-labelled
proteins that were synthesized in the binding assay reaction. After SDS—
PAGE the proteins were visualized by phosphoimaging.

Acknowledgements

The authors like to thank Iain Mattaj for critical reading of the manuscript,
Angela Krimer for the TFIIIA mAb, Robert G.Roeder for the Xenopus
TFIIIA ¢DNA, Mike Wormington for the Xenopus L5 cDNA, Dave
Turner for the plasmid CS2+NLS-MT and David Goldfarb for p(lys)-
BSA and mAb414. This work was supported by funds from the Deutsche
Forschungsgemeinschaft.

References

Adam,EJ. and Adam,S.A. (1994) Identification of cytosolic factors
required for nuclear localization sequence-mediated binding to the
nuclear envelope. J. Cell Biol., 125, 547-555.

Adam,S.A., Marr,R.S. and Gerace,L. (1990) Nuclear protein import in
permeabilized mammalian cells requires soluble cytoplasmic factors.
J. Cell Biol., 111, 807-816.

Allison,L.A., Romaniuk,PJ. and Bakken,A.H. (1991) RNA-protein
interactions of stored 5S RNA with TFIIIA and ribosomal protein L5
during Xenopus oogenesis. Dev. Biol., 144, 129-144.

Allison,L.A., North M.T., Murdoch,K.J., Romaniuk,P.J., Deschamps.S.
and LeMaire, M. (1993) Structural requirements of 5S rRNA for
nuclear transport, 7S ribonucleoprotein particle assembly, and 60S
ribosomal subunit assembly in Xenopus oocytes. Mol. Cell. Biol., 13,
6819-6831.

Allison,L.A., North M.T. and Neville,L.A. (1995) Differential binding
of oocyte-type and somatic-type 5SS rRNA to TFIIIA and ribosomal
protein L5 in Xenopus oocytes: specialization for storage versus
mobilization. Dev. Biol., 168, 284-295.

Amberg,D.C., Fleischmann,M., Stagljar,J., Cole,C.N. and Aebi M. (1993)
Nuclear PRP20 protein is required for mRNA export. EMBO J., 12,
233-241.

Beg,A.A., Ruben,S.M., Scheinmann,R.I., Haskill,S., Rosen,C.A. and
Baldwin,A.S. (1992) IkB interacts with the nuclear localization
sequences of the subunits of NFxB: a mechanism for cytoplasmic
retention. Genes Dev., 6, 1899-1913.

Boelens,W.C., Palacios,I. and Mattaj,I.W. (1995) Nuclear retention of
RNA as a mechanism for localization. RNA, 1, 273-283.

Bogenhagen,D.F. and Brown,D.D. (1981) Nucleotide sequences in
Xenopus 5S DNA required for transcription termination. Cell, 24,
261-270.

Cheng,Y., DahlbergJ.E. and Lund.E. (1995) Diverse effects of the
guanine nucleotide exchange factor RCC1 on RNA transport. Science,
267, 1807-1810.

Clarkson,S.G., Kurer,V. and Smith,H.O. (1978) Sequence organization
of a cloned tDNA™ fragment from Xenopus laevis. Cell, 14, 713-724.

Davis,L.I. and Blobel,G. (1986) Identification and characterization of a
nuclear pore complex protein. Cell, 45, 699-709.

DeRobertis,E.M., Lienhard,S. and Parisot,R.F. (1982) Intracellular
transport of microinjected 5S and small nuclear RNAs. Nature, 295,
572-577.

Dingwall,C. and Laskey,R.A. (1991) Nuclear targeting sequences — a
consensus? Trends Biochem. Sci., 16, 478-481.

Evan,G.I,, Lewis,G.K., Ramsey,G., and Bishop,J.M. (1985). Isolation of
monoclonal antibodies specific for human c-myc protooncogene
product. Mol. Cell. Biol., 107, 1289-1297.

Fischer,U. and Lithrmann,R. (1990) An essential signaling role for the
m3G cap in the transport of Ul snRNP to the nucleus. Science, 249,
786-790.

Fischer,U., Darzymkiewicz,E., Tahara,S.M., Dathan,N.A., Liihrmann,R.
and Mattaj,I.W. (1991) Diversity in the signals required for nuclear
accumulation of U snRNPs and variety in the pathways of nuclear
transport. J. Cell Biol., 113, 705-714.

1390

Fischer,U., Sumpter,V., Sekine M., Satoh,T. and Liihrmann,R. (1993)
Nucleo-cytoplasmic transport of U snRNPs: definition of a nuclear
location signal in the Sm core domain that binds a transport receptor
independently of the m3G cap. EMBO J., 12, 573-583.

Fischer,U., Meyer.S., Teufel M., Heckel,C. and Liihrmann,R. (1994)
Evidence that HIV-1 Rev directly promotes the nuclear export of
unspliced RNA. EMBO J., 13, 4105-4112.

Fischer,U., Huber.,J., Boelens,W.C., Mattaj,1.W. and Liihrmann,R. (1995)
The HIV-1 Rev activation domain is a nuclear export signal that accesses
an export pathway used by specific cellular RNAs. Cell, 82, 475-483.

Gashler, A.L., Swaminathan,S. and Sukhatme,V.P. (1993) A novel
repression module, an extensive activation domain and a bipartite
nuclear localization signal defined in the immediate-early transcription
factor Egr-1. Mol. Cell. Biol., 13, 4556-4571.

Ginsberg,A.M., King,B.O. and Roeder,R.G. (1984) Xenopus 5S gene
transcription factor, TFIIIA: characterization of a ¢cDNA clone and
measurement of RNA levels throughout development. Cell, 39. 479—
489.

Gorlich,D., Prehn,S., Laskey,R.A. and Hartmann,E. (1994) Isolation of a
protein that is essential for the first step of nuclear protein import. Cell,
79, 767-778.

Guddat,U., Bakken,A.H. and Pieler,T. (1990) Protein-mediated nuclear
export of RNA; 5S rRNA containing small RNPs in Xenopus oocytes.
Cell, 60, 619-628.

Gurdon.J.B. (1977) Methods for nuclear transplantation in amphibia.
Methods Cell Biol., 16, 125-139.

Hamm,J. and Mattaj,1.W. (1990) Monomethylated cap structures facilitate
RNA export from the nucleus. Cell, 63, 109-118.

Hamm,J.. Darzynkiewicz,E., Tahara,S.M. and Mattaj,L.W. (1990) The
trimethylguanosine cap structure of Ul snRNA is a component of a
bipartite nuclear targeting signal. Cell, 62, 569-577.

He X.-P., Bataillé,N. and Fried, HM. (1994) Nuclear export of signal
recognition particle RNA is a facilitated process that involves the Alu
sequence domain. J. Cell Sci., 107, 903-912.

Henkel.T.. Zabel,U., vanZee K., Miiller,J.M., Fanning,E. and Baeurle,P.
(1992) Intramolecular masking of the nuclear location signal and
dimerization domain in the precursor for the p50 NFk-B subunit. Cell,
68, 1121-1133.

Honda,B.M. and Roeder,R.G. (1980) Association of a 5S gene transcription
factor with 58 RNA and altered levels of the factor during cell
differentiation. Cell, 22, 119-126.

Izaurralde,E., and Mattaj,1.W. (1995) RNA export. Cell, 81, 153-159.

Izaurralde E., Lewis,J., Gamberi,C., Jarmolowski,A., McGuigan,C. and
Mattaj.l.W. (1995) A cap-binding protein complex mediating U snRNA
export. Nature, 376, 709-712.

Jarmolowski,A., Boelens,W.C., Izaurralde,E. and Mattaj,LW. (1994)
Nuclear export of different classes of RNA is mediated by specific
factors. J. Cell Biol., 124, 627-635.

Kadowaki,T., Goldfarb,D., Spitz,L.M., Tartakoff,A.M. and OhnoM.
(1993) Regulation of RNA transport by a nuclear guanine nucleotide
release protein and members of the Ras superfamily. EMBO J., 12,
2929-2937.

Kunkel, T.A. (1985) Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl Acad. Sci. USA, 82, 488-492.

LaCasse.E.C. and Lefebvre,Y.A. (1995) Nuclear localization signals
overlap DNA- or RNA-binding domains in nucleic acid-binding
proteins. Nucleic Acids Res., 23, 1647-1656.

Li,X., Shou,W,, Kloc,M., Reddy,B.A. and Etkin,L.D. (1994) Cytoplasmic
retention of Xenopus nuclear factor 7 before the mid blastula transition
uses a unique anchoring mechanism involving a retention domain and
several phosphorylation sites. J. Cell Biol., 124, 7-17.

Matheny,C., Day,M.L. and Milbrandt,J. (1994) The nuclear localization
signal of NGFI-A is located within the zinc finger DNA binding domain.
J. Biol. Chem., 11, 8176-8181.

Mattaj, 1. W. (1986) Cap trimethylation of U snRNA is cytoplasmic and
dependent on hsnRNP binding protein. Cell, 46, 905-911.

Mattaj, 1. W,, Lienhard,S., Zeller,R. and DeRobertis,E.M. (1983) Nuclear
exclusion of transcription factor IIIA and the 428 particle transfer RNA-
binding protein in Xenopus oocytes. A possible mechanism for gene
control. J. Cell Biol., 97, 1261-1265.

Melchior,F., Paschal,B., Evans,E. and Gerace,L. (1993) Inhibition of
nuclear import by nonhydrolyzable analogues of GTP and identification
of the small GTPase Ran/TC4 as an essential transport factor. J. Cell
Biol., 123, 1649-1659.

Michaud,N. and Goldfarb,D. (1991) Multiple pathways in nuclear
transport: The import of U2 snRNP occurs by a novel kinetic pathway.
J. Cell Biol., 112, 215-223.



Michaud.N. and Goldfarb.D. (1992) Microinjected U snRNAs are
imported to oocyte nuclei via the nuclear pore complex by three
distinguishable pathways. J. Cell Biol.. 116. 851-862.

Michaud.N. and Goldfarb.D.S. (1993) Most nuclear proteins are imported
by a single pathway. Exp. Cell Res.. 208. 128—136.

Moll.T.. Tebb.G.. Surana.U.. Robitsch.H. and Nasmyth.K. (1991) The role
of phosphorylation and the CDC 28 protein kinase in cell-cycle regulated
nuclear import of the S. cerevisiae transcription factor SWI 5. Cell. 66.
743-758.

MooreM.S. and Blobel.G. (1992) The two steps of nuclear import.
targeting to the nuclear envelope and translocation through the nuclear
pore. requires different cytosolic factors. Cell. 69. 939-950.

Moore M.S. and Blobel.G. (1993) The GTP-binding protein Ran/TC4 is
required for protein import into the nucleus. Nature. 365. 661-663.

Moore M.S. and Blobel.G. (1994) Purification of a Ran-interacting protein
that is required for protein import into the nucleus. Proc. Natl Acad. Sci.
USA.91. 10212-10216.

MoroianuJ. and Blobel.G. (1995) Protein export from the nucleus requires
the GTPase Ran and GTP hydrolysis. Proc. Natl Acad. Sci. USA. 92.
43184322

MoroianuJ.. HijikataM.. Blobel.G. and Radu.A. (1995) Mammalian
Kariopherin | beta and alpha 2 beta heterodimers: alphal or alpha2
subunit binds nuclear localization signal and beta subunit interacts with
peptide repeat-containing nucleoporins. Proc. Natl Acad. Sci. USA. 92.
6532-6536.

Pelham.H.R.B. and Brown.D.D. (1980) A specific transcription factor that
can bind either the 5S RNA gene or 5S RNA. Proc. Natl Acad. Sci USA.
77. 41704174,

Picard.B. and Wegnez.M. (1979) Isolation of a 7S particle from Xenopus
laevis oocytes: a 5SS RNA—protein complex. Proc. Natl Acad. Sci. USA.
76.241-245.

Pieler.T.. Appel.B.. Oei.S.-L.. Mentzel.H. and Erdmann.V.A. (1985) Point
mutational analysis of the Xenopus laevis 5SS gene promoter. EMBO J..
4. 1847-1853.

Pinol-Roma.S. and Dreyfuss.G. (1992) Shuttling of pre-mRNA binding
proteins between nucleus and cytoplasm. Narure. 355. 730-732.

Radu.A.. Blobel.G. and Moore.M.S. (1995) Identification of a protein
complex thatis required for nuclear protein import and mediates docking
of import substrate to distinct nucleoporins. Proc. Natl Acad. Sci. USA.
92.1769-1773.

Rupp.R.A.W.. SniderL. and Weintraub.H. (1994) Xenopus embryos
regulate the nuclear localization of XMyoD. Genes Dev.. 8. 1311-1323.

Schlenstedt.G.. Saavedra.C.. Loeb.J.D.. Cole.C.N. and Silver.P.A. (1995)
The GTP-bound form of the yeast Ran/TC4 homologue blocks nuclear
protein import and appearance of poly(A)~ RNA in the cytoplasm. Proc.
Natl Acad. Sci. USA. 92.225-229.

Schmidt-Zachmann.M.. Dargemont.C.. Kiihn.L.C. and Nigg.E.A. (1993)
Nuclear export of proteins: the role of nuclear retention. Cell. 74. 493-
S504.

Shastry.B.S.. Honda.B.M. and Roeder.R.G. (1984) Altered levels of a
5S gene-specific transcription factor (TFIIIA) during oogenesis and
embryonic development of Xenopus laevis. J. Biol. Chem.. 259.
11373-11382.

Terns.M.P. and DahlbergJ.E. (1994) Retention and 5'-cap trimethylation
of U3 snRNA in the nucleus. Science. 264. 959-961.

Theunissen.O.. Rudt.F.. Guddat.U.. Mentzel H. and Pieler.T. (1992) RNA
and DNA binding zinc fingers in Xenopus TFIIIA. Cell. 71. 679-690.
Turner.D.L. and Weintraub.H. (1994) Expression of achaete-scute
homolog 3 in Xenopus embryos converts ectodermal cells to a neural

fate. Genes Dev.. 8. 1434-1447.

Van Wijk.l.. BurfeindJ. and Pieler.T. (1992) Nuclear transport and
phosphorylation of the RNA binding Xenopus zinc finger protein XFG
5—1. Mech. Dev.. 39. 63-72.

Weis. K.. Mattaj.I. W. and Lamond.A.L (1995) Identification of hSRPl ot as
a functional receptor for nuclear localization sequences. Science. 268.
1049-1052.

Wen.W.. MeinkothJ.L.. Tsien.R.Y. and Taylor.S.S. (1995) Identification
of a signal for rapid export of proteins from the nucleus. Cell. 82.
46373,

Wormington.M.W. (1989) Developmental expression and 5S RNA binding
activity of Xenopus laevis ribosomal protein LS. Mol. Cell. Biol.. 9.
5281-5288.

Zasloff M. (1983) tRNA transport from the nucleus in a eukaryotic cell:
carrier-mediated translocation process. Proc. Natl Acad. Sci. USA. 80.
6436-6440.

Received on September 7. 1995 revised on November 3. 1995

Cytoplasmic retention of 5S RNA containing RNPs

1391



