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Summary

Previously, we showed that an integral component of stored
MRNP particles in Xenopusoocytes, Xp54, is a DEAD-box
RNA helicase with ATP-dependent RNA-unwinding

activity. Xp54 belongs to small family of helicases (DDX6)
that associate with mRNA molecules encoding proteins

with nascent transcripts is shown by immunostaining of the
RNP matrix of lampbrush chromosome loops and co-
immunoprecipitation with de novo-synthesized RNA.
However, we are unable to show that nuclear export of this
RNA is affected by either treatment with leptomycin B or

mutation of the NES. We propose that newly synthesized
Xp54 is regulated in its nucleocytoplasmic distribution: in
transcriptionally quiescent oocytes it is largely restricted to
the cytoplasm and, if imported into the nucleus, it is rapidly
exported again by the CRM1 pathway. In transcriptionally

required for progress through meiosis. Here we describe
the nucleocytoplasmic translocation of recombinant Xp54
in microinjected oocytes and in transfected culture cells.
We demonstrate that Xp54 is present in oocyte nuclei, its
occurrence in both soluble and particle-bound forms and
its ability to shuttle between nucleus and cytoplasm. active oocytes, it binds to a major set of nascent transcripts,
Translocation of Xp54 from the nucleus to the cytoplasm accompanies mRNA sequences to the cytoplasm by an
appears to be dependent on the presence of a leucine-rich alternative export pathway and remains associated with
nuclear export signal (NES) and is blocked by leptomycin masked mRNA until the time of translation activation at
B, a specific inhibitor of the CRM1 receptor pathway. meiotic maturation and early embryonic cell division.
However, the C-terminal region of Xp54 can act to retain

the protein in the cytoplasm of full-grown oocytes and

culture cells. Cytoplasmic retention of Xp54 is overcome by Key words:XenopusOogenesis, Maternal mRNA,

activation of transcription. That Xp54 interacts directly Ribonucleoproteins, Nuclear export, Translation repression

Introduction mMRNAs (Richter and Smith, 1984; Kick et al., 1987). These

During various stages of early development, organisms ae probably products of pseudoalleles, resulting from the
dependent on the translational control of stored mRNA téetraploid derivation of the genomeXflaevis pp60 and pp56
ensure regulated production of proteins (Standart, 1992). Ti¥e phosphoproteins (Dearsly et al., 1985; Cummings and
ability of a particular mRNA to be translated depends on itSommerville, 1988) that bind to single-stranded RNA with
dynamic association with different proteins: that is, its statuittle sequence specificity (Marello et al., 1992). Cloning
as a ribonucleoprotein (MRNP) complex. The stored mRNRlentified pp60/56 as members of the Y-box family of proteins
particles ofXenopusocytes contain a set of abundant proteindknown as FRGY2a/b) (Deschamps et al., 1992; Murray et al.,
whose role it is to maintain the mRNA sequences in a conditioh992; Tafuri and Wolffe, 1990), which show a preference for
ready for translation at the appropriate stage of developmerinding to single-stranded polynucleotides by means of two
The most abundant of these is a core group of four proteirgistinct structures formed by a cold-shock domain and a series
with apparent molecular masses on SDS-PAGE of 50/52, 58f basic/aromatic islands (Wolffe et al., 1992; Ladomery and
56 and 59/60 kDa. These proteins were initially designateBommerville, 1994; Murray, 1994).
RNP1-4 (Darnbrough and Ford, 1981). Other general The second core protein &fenopusstored mRNP to be
components of oocyte mMRNP particles regulate translatioploned and characterized was the 54 kDa component, which
through interaction with sequences in thd R: among these was shown to be an ATP-dependent RNA helicase (Ladomery
are the poly(A)-binding protein (PABP) (Zelus et al., 1989).et al., 1997). The possible interplay between Xp54, which is
the protein that binds to a 8ytoplasmic polyadenylation able to unwind mRNA, and pp60/56, which binds to single-
element (CPEB) (Hake et al., 1994) and the CPEB-associatsttanded RNA sequences, has been discussed (Sommerville,
translation repressor, maskin (Stebbins-Boaz et al., 1999). 1999). Xp54 belongs to a small family (DDX6) of DEAD-box
The first of the core proteins to be characterized was the pd&®NA helicases (de la Cruz et al.,, 1999). Orthologues of
of masking proteins pp60/mRNP4 and pp56/mRNP3, whiciXenopu$54 include RCK/p54 in mammals (Akao et al., 1995;
were shown to block translation when bound to specifi®aynton, 1998); Me31B ibrosophila(de Valoir et al., 1991;
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NES and phosphorylation sites. (A) A diagram of recombinant
proteins expressed in this study. The black boxes represent the

60/56 = B o
DFF:50_52 2 ' . ' Fig. 2.Recombinant forms of Xp54 and identification of potential

_ . conserved motifs seen in all DEAD-box helicases. Locations of a
RbAp48 - - ot potential NES (cross-hatched) and four potential CK2
phosphorylation sites (PKS, white boxes) are indicated. Various
fragments of Xp54 (grey areas) were expressed either with a T7
C 898 B — P epitope-tag or as GFP fusions containing a 6-myc tag. The white

areas to the right in TACT and T7AV/ACT represent replacement
of the C-terminus of Xp54 with an unrelated sequence encoded by
the plasmid. (B) An immunoblot of T7-p54 and &Y
I = overexpressed in stage VI oocytes, showing cytoplasmic (C) but no
» g g nuclear (N) reaction. (C) Comparison of the leucine-rich sequence of

Stage VI C - e S . = — Xp54 with the NES of HIV Rev (Fornerod et al., 1997), PKI (Hauer

et al., 1999) and An3 (Askjaer et al., 2000). Positions of critical
r v—" leucines (black circles) and other similarities (open circles) are
Stage VIN- === ; indicated. The numbers refer to the residue positions starting from

‘ 3 the initiating methionine. (D) The four potential CK2
L phosphorylation sites (S/TxxD/E, where x is any non-basic residue)

S 4 . : ; are located near the C-terminus of Xp54.
Blastula - i A -

Nakamura et al., 2001); CGH-1 @aenorhabditifNavarro et
Gradient fraction al., 2001); p47 irSpisula(Minshall et al., 2001); Dhh1 6.
cerevisiae (Coller et al.,, 2001); and Stel3 i8. pombe
Fig. 1. Xp54 helicase is redistributed between the nucleus and the (Maekawa et al., 1994). In metazoans, p54/Me31B/CGH-
cytoplasm and between large and small complexes during the coursé/p47 is expressed mainly in germ cells: in yeast, Dhh1/Ste13
of early development. (A) Sections through the ovary (with or is essential for sexual reproduction. A common feature of all
without prewash in 4 M urea) and the blastula, both immunostained orthologues is that they are components of mRNP particles
with antl-p54_. Nuclear particles and fibres are obvious in stage /Il required for progression through meiosis.
oocytes and in blastomere on left (arrowheads). The blastomere on ~preyigys studies have shown that masking proteins bind to
the right is stained with preimmune serum (PI) and shows no nucleahNA transcripts in the oocyte nucleus (Braddock et al., 1994;

reaction (arrowheads), only autofluorescent yolk. Arrows on oocytes )
indicate the Balbiani body. (B) The level of Xp54 in the nucleus Matsumoto et al., 1998). Because different sets of oocyte

Stage lll - e ———

relates to the level of transcriptional activity. An immunoblot of proteins may associate with different pre-mRNAs destined for
isolated nuclei (N) and cytoplasms (C) from mid- to late-oogenesis immediate translation (hnRNP proteins) or for storage
with anti-p54, anti-pp60/56, anti-p50-52 and anti-RbAp48. (masking proteins), there may be differences between the

(C) Extracts (SN10) from stage Ill oocytes, stage VI cytoplasms,  export pathways accessed by translatable and repressed
stage VI nuclei and blastula, separated on glycerol gradients and  mRNAs. Only recently have proteins involved generally in
immunoblotted with anti-p54 are shown. mRNA export been described (Conti and Izaurralde, 2001).
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A NT-GEP GEP p48 pathway is described for HIV Rev, which is responsible for
LMB  +LMB -LMB +LMB -LMB -LMB this case, the arginine-rich NLS of Rev is recognized by the

] i E J | i nuclear import receptor importi, whereas the leucine-rich
Pc-d O‘ O O O | NES of Rev is recognized by the nuclear export receptor
: 5 i CRMZ1/exportin (Fornerod et al., 1997; Kudo et al., 1998).
| - - ' ji! O P In this report, we describe the ability of the mRNA-
associated helicase Xp54 to shuttle between the nucleus and
cytoplasm, to bind to nascent RNP transcripts and to

- accompany maternal mRNA sequences out of the nucleus and
into the cytoplasm as mMRNP storage particles.

16h 2ah 24h 2ah export of unspliced HIV-1 transcripts (Fischer et al., 1995). In

-
g

Materials and Methods
Expression vectors
B kDa The pCS2*mt-SGP vector expresses a 6-myc epitope tag fused to
GFP, driven from a CMV promoter, with an SV40U3R that
51- : contains a poly(A) motif (Klymkowsky et al., 1999). The GFP
sequence has been mutated froggt8 T in this version, and there
N C NCNG CNUC is a stop codon after the GFP-coding sequence. A PCR fragment of
i 3 LMB +LMB -LMB +LMB cDNA clone 2B (Ladomery et al., 1997), encoding the first 164
Green Red 16h 24h residues of Xp54, was inserted between the unifoeR| site
GFP NT-GEP ?mmed!ately downstream of the 6-myc sequence _and(b”ab site
C FITC DAPI FC  DAPI immediately upstream of the GFP sequence.site (Fig. 2A). The pCGT
. — e vector (kindly supplied by Javier Caceras) contains a CMV promoter,
an HSV tk 5 leader sequence, a sequence encoding the T-epitope
residues 1-11 of T7 gene 10 and the raffhglobin 3 UTR,
including intron B and the poly(A) motif. The complete coding
sequence of clone 2B was inserted between the unitpak site
immediately downstream of the T-epitope sequence and the unique
BamH1 site immediately upstream of thg-globin sequence.
Deletions were generated by complete or partial digestion with
Fig. 3. Treatment of injected stage VI oocytes with 50 nM LMB EcaRV, removal of the small fragment and joining of the blunt ends
results in nuclear accumulation of the N-terminal region of Xp54 ~ With DNA ligase.AV deleted a fragment between the t&ooRV
fused to GFP. (A) Oocyte nuclei, isolated 16 and 24 hours after ~ Sites and removed 121 residues through the helicase ca€Tina
injection with plasmids expressing NT-GFP, GFP or T7-RbAp4g  fragment was deleted between #eoRV andBanHil sites, and the
(p48), viewed by phase microscopy (PC), direct fluorescence (FL) C-terminal 82 residues were removed and replaced by 49 residues
and confocal fluorescence (CF) are shown. (B) (left) A nucleus and encoded by the vector (Fig. 2A).
cytoplasm from an oocyte injected with NT-GFP, treated with LMB
and viewed for green and red fluorescence. (right) An immunoblot, ﬁ

GFP
NT-GFP — ==
+LMB W= -

ntibodies

ntibodies to pp60 and pp56, Xp54 and p52 were raised in rabbits

against native proteins (Ladomery et al., 1997; Sommerville and

Ladomery, 1996). Antibodies to HDACm and RbAp48 were raised

in rabbits against C-terminal peptides in the laboratory of Bryan

prurner (Ryan et al., 1999). Mouse monoclonal antibodies to the
bacteriophage T7 epitope (Novagen), the c-Myc epitope (clone 9E10,
Sigma) and BrdU (Sigma) were used as recommended.

using anti-myc IgG, of expressed NT-GFP present in the nucleus an
cytoplasm 16 and 24 hours after plasmid injection. Injected oocytes
were incubated with or without LMB. Protein equivalents of five
nuclei (N) and one cytoplasm (C) were separated by SDS-PAGE.
(C) (left) Translocation into the nucleus of anti-myc IgG from 20 ng
injected into the cytoplasm of oocytes expressing GFP and NT-GF
with or without LMB. The anti-myc |gG was detected on slot blots
with an HRP-conjugated anti-mouse 1gG. (right) Translocation of
anti-myc IgG injected into the cytoplasm of stage IV oocytes onto
the RNP matrix of lampbrush chromosomes is shown. Anti-myc |QGOOCyte isolation and extraction
was detected, after incubation of chromosome spreads from oocyte
expressing NT-GFP or GFP, with FITC-conjugated anti-mouse IgG.
Location of the chromosomal axis is seen by post-staining with
DAPI.

f)ocytes were isolated froi laevisas described previously (Ryan et
al.,, 1999) and were maintained in OR-2 medium (Evans and Kay,
1991). Oocytes were sorted into individual stages according to Dumont
(Dumont, 1977). Pools of 50 oocytes (stages I-IV) or 25 oocytes
(stages V and VI) were homogenized in 0.1 M NaCl; 2 mM MgCl
Associated with export of spliced mMRNA are various protein® mM dithiothreitol, 20 mM Tris-HCI, pH 7.5. Yolk and lipid were
derived from the splicing reaction, which are retained as RNAextracted with 1,1,2-trichlorotrifluoroethane (Evans and Kay, 1991).
bound ‘markers’ near to the splice junctions (Stutz et al., 2000f\fter centrifugation at 8009 for 15 minutes at 0°C in a Sorvall SS-
Some of these RNA export factors have also been found rotor, the clarified supernatant (SN10) was carefully removed.
unspliced mRNA. A receptor identified in the recognition of

RNA-bound factors and responsible for export of both splicedocyte injection

and unspliced mRNAs is the heterodimer TAP-pl5 insets of 50-100 mid-vitellogenic (stage I11/IV) or full-grown (stage V1)
metazoans and its equivalent, Mex67p, in yeast (Braun et abocytes were isolated and 10 nl aliquots containing ~10 pg of purified
2001; Kang and Cullen, 1999; Hurt et al., 2000). An alternativ@lasmid DNA was injected, through the animal pole, into the nucleus
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Fig. 4. The N-terminal region of Xp54 fused to GFP behaves like a
shuttling protein in transfected culture cells. (A) Fluorescence
images oXenopusKTC2 cells, mouse AC29 cells and canine

MDCK cells expressing NT-GFP and MDCK cells expressing GFP.
(B) Treatment of transfected HelLa cells with 5 nM LMB for four
hours prior to fixation results in nuclear accumulation of NT-GFP.
Fluorescence (FL) and confocal (CF) images are shown. Cells were
treated with 5ug/ml actinomycin D (AMD) two hours before
treatment with LMB. (C) Cold, but not treatment with cycloheximide

(CHX), inhibits LMB-dependent nuclear accumulation of NT-GFP in
transfected Hela cells. The fluorescence images are of cells cooled
to 6°C after addition of LMB; cells treated with 2@/ml CHX for
two hours prior to addition of LMB and maintained a®Gznd cells
treated with CHX and cooled t6®.

A NES*= LI PLLERLDL

MDCK MDCK / GFP
NES-= LI PLLERVDYV

A XTC2 AC29

B -LMB +LMB kDa

51_ | — R — —

38 - -

Fraction N C N C N C N C NC
CHX: - - + - +
Protein: GFP NT-GFP NTNES " GFP

B é-myc-+ ;é-myc
N C N ¢C
GFP i
NT-GFP - .
NTNES" GFP  — -
+LMB +LMB +AMD
C NTNES~ GFP
C DNA tCH)i iLMB /to 6°C or 32°C
N 16h 2h 4h ¥
FL
6°C 32°C + CHX 6°C + CHX

DAPI

Fig. 5. Mutation of the leucine-rich NES impairs export of NT-GFP.
(A) Leucine residues were mutated to valines at the two positions
shown. An immunoblot of nuclei and cytoplasms isolated from
oocytes expressing GFP, GFP-NT and GFPYNTIn the presence
and absence of CHX (5@y/ml) is shown. (B) Translocation of anti-

of each oocyte. Oocytes were treated with 100 nM leptomycin E
(LMB), 50 pg/ml cycloheximide (CHX), 5ug/ml actinomycin D

: s : ; myc 1gG from the cytoplasm to the nucleus and from the nucleus to
(AMD), 0.5 pg/ml a-amanitin @AM), for four to six hours as in the cytoplasm in oocytes expressing GFP, GFP-NT and GRENT

figure legends. Between 16 and 36 hours after injection, nuclei aris shown. (C) The green fluorescence (FL) and DAPI images are of

cytoplasms were isolated under mineral oil (Sigma) from groups ¢ g -
20-60 oocytes (Paine et al., 1992). Antibodies were introduced intHeLa cells expressing GFP-NT and GFPHIT-

the cytoplasm or nucleus of oocytes by injecting 10 ng of IgG. RN/

was labelled in vivo by injecting oocytes with QuCi of [3H]uridine as described previously (Ladomery et al., 1997). Radioactivity
(27 mCi/mmole, Amersham) or with 0flg of BrUTP (Sigma). incorporated into RNA was measured after extraction at 60°C with
Poly(A*) RNP was bound to and eluted from oligo(dT) cellulosephenol/chloroform buffered to pH 4.2 and precipitation with 2.5 vol
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T7-p54 T7-ACT T7-AVIACT conjugated goat anti-mouse IgG and TRITC-conjugated goat anti-
rabbit 1IgG (Chemicon) at a dilution of 1:5000 in FCS/PBST. In
all immunostainings, the chromosomes or sections shown are

i representative of those seen in at least four different preparations.
-LMB O

Immunoprecipitation

IgG (2 pl) was linked to protein-A-glass beads (ProSep,
Bioprocessing Ltd.) as described previously (Ryan et al., 1999).
Poly(A*) RNP extracted from 50 oocytes was mixed with the
antibody-beads for 60 minutes at 20°C. The beads were washed with
TBST to remove unbound material and then withp2®f 0.1 M
glycine, pH 3.0, to remove bound RNP.

+LMB

Gradient analysis

ri'\luclear lysates, clarified cytoplasmic extracts and poly(A) fractions
ere layered on 10-25% glycerol gradients made up in 0.1 M NacCl,
mM MgCh, 2 mM dithiothreitol, 20 mM Tris-HCI, pH 7.5. After
centrifugation at 120,009 in a 6<5 ml swing-out rotor (Beckman
SW50Ti) at 0°C for two to three hours, the tube contents were
fractionated. Fractions were analysed for proteins by immunoblotting.
ethanol. Lampbrush chromosomes from injected oocytes werBedimentation rates were calculated using 80S ribosomes and 60S and
prepared as described (Sommerville et al., 1993). 40S ribosomal subunits run in parallel gradients and scanned through
a flow cell measuring absorbance at 254 nm.

Fig. 6. The C-terminal region of Xp54 acts as a cytoplasmic retentio
signal in HelLa cells. Cells expressing T7-p54,A40F and T7-
AVIACT were incubated for four hours in the presence or absence g
5 nM LMB. Fluorescence images were obtained by immunostaining
with anti-T7 1gG and FITC-conjugated anti-mouse IgG.

Cell transfection
Culture cells were grown in DMEM plus Glutamax (GibcoBRL) with Results

10% foetal calf serum (FCS; GibcoBRL) in eight-well chamberxp54 is detected in the nuclei of oocytes actively

slides (Nalge Nunc). Mammalian cells expressing T7-tagged protei -
were cultured at 37°C. Mammalian cells expressing GFP-fusior:H?anSC”bmg mRNA for storage .
proteins were cultured at 32°@enopusXTC-2 cells were cultured We showed previously that the DEAD-box helicase Xp54

at 25°C. At mid-log phase, 20 ng of purified (Wizard Prep, Promegadccumulated in the cytoplasm of growing oocytes as a
plasmid DNA and 500 nl of ‘Transfectene’ (Qiagen) were added teomponent of stored (maternal) mMRNP particles (Ladomery et
0.3 ml of fresh culture medium in each well. Transfection wasal., 1997). We also noted, in immunostained sections, some
aIIOV\_/ed to occur over a 16-hour period. For furth_er treatment, thﬁeactivity of anti-p54 with nuclear material. Upon examining

medium was removed, the cells were washed in PBS and fregfpctions from a range of oogenic and early embryonic stages,
medium with or without 5 nM LMB or 2@g/mi cycloheximide or \ye see that the nuclear amount of Xp54 is highest in small

5 pg/ml actinomycin D. After four to six hours of treatment, the cells tage I/l oocytes (Fig. 1A), diminishing through stages I1/1V, '

expressing GFP fusion proteins were fixed with methanol at —20°é

or with buffered 3% formaldehyde at 20°C. Cells expressing T75'jmd being barely detectable at stages V/VI (Fig. 1A). As the

tagged proteins were fixed with formaldehyde or methanol/acetord€Vel 0f RNA transcription from lampbrush chromosomes is
at —20°C. highest in stage I/ll oocytes, and the pool of stored cytoplasmic

MRNP is established by the end of stage I, it is reasonable to

o assume that Xp54 is being incorporated into MRNP particles
Immunostaining as they are formed in the nucleus. Excess Xp54 probably
Proteins from the equivalent of one oocyte, embryo or cytoplasm qiccumulates in the nucleus only before establishment of the
(Protran, Schleicher & Schull) and immunoblotted as descrlbeqﬁnlen exists through late oogenesis and early embryogenesis

previously (Ryan et al., 1999). Primary antisera or IgG, peroxidase- .., .~ : ;
conjugated (HRP) anti-rabbit or anti-mouse IgG (Chemicon) were a(ir'”t" mid-blastula, when the cytoplasmic poo| of mRNP is

used at a dilution of 1:10,000, and bands were developed us"%eplef[ed and transcrlptlo_r! is resumed. At. this stage, Xp54_ IS
the ECL (Amersham) procedure. All immunoblots shown areS€€n in blastomere nucleiin the form of a fibrous network (Fig.
representative of those obtained from at least two experimentdA). A similar redistribution to the nucleus at onset of zygotic
X. laevis ovary and early embryonic stages were fixed in 2%transcription is seen with p47 in early embryosSpisula
trichloroacetic acid, dehydrated, embedded in wax and sectioned ¢Minshall et al., 2002).

to glass slides. Dewaxed sections were rinsed with PBST, incubated Quantitation of nuclear to cytoplasmic ratios of Xp54 was
for one hour at 20°C with anti-p54 diluted 1:200 in 10% FCS/PBST¢checked by immunoblotting. By isolating nuclei and cytoplasms
conjugated anti-rabbit 19G_(Chemicon) diluted 1:200 in 10%a¢ there s no loss of protein nor leakage between cytoplasm
FCS/PBST. After rinsing in PBST, a further five times, the seCt'cm%nd nucleus. Stage IIl nuclei are the earliest to be easily isolated:

were mounted in and viewed using a Leitz Ortholux fluorescenc | t ition i betw ¢ . with simil |
microscope. GFP-expressing and FITC-labelled cells were alsg clear transilion IS seen between stage lil, with similar nuclear

examined by confocal laser microscopy (BioRad system). Lampbrusgd cytoplasmic concentrations of Xp54, and stage IV, with
chromosomes were immunostained as described previousliftle nuclear Xp54 (Fig. 1B). The immunoblotted samples are
(Sommerville et al., 1993) using primary antisera diluted 1:5000 irequivalent to ten nuclei and two cytoplasms, which give similar
10% FCS/PBST. The secondary antibodies used were FITGotal amounts of protein in each track. Control immunoblots,
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DNA DNA +TSAor | v
A i B P WMy
N 16h 2h 4h¥N+C

p54 .

ACT. .
Fig. 7.Import of recombinant Xp54 into the oocyte nucleus and
binding to nascent RNP is dependent on the transcriptional state of
C 80S — P xDa the chromatin. (A) The nucleocytoplasmic distribution of T7-p54,

T7-AV and T7ACT expressed in stage VI oocytes compared with
binding of the recombinant proteins to the RNP matrix of lampbrush
Oocytes '—— = -55 chromosomes is shown. The chromosome spreads were
immunostained with anti-T7 1gG and FITC-conjugated anti-mouse
' I IgG, post-stained with DAPI. Phase contrast (PC) microscopy

- images are also shown. (B) As described in (A) but with treatment of
+TSA the oocytes with 2 ng/ml trichostatin A (TSA) or &/ml a-
cytoplasms PPEE—— - 95 amanitin (-AM) for two hours before addition of LMB.
(C) Sedimentation of T7-p54 in complexes isolated from 50 stage VI
| o oocytes and from nuclei and cytoplasms of 50 stage VI oocytes
treated with TSA.
+TSA !
nuclei o - 55

mRNP, is removed by washing the section in 4M urea
. (Fig. 1A). The Balbiani body contains not only an
Gradient fraction aggregation of mitochondria but also the germ-plasm (Wylie,
2000). This observation may relate to the findings that in
using the same transfer, show that the major components Ghenorhabditis the p54 orthologue CGH-1 is expressed
nuclear mMRNP assembly, the mMRNA masking proteins pp60/56pecifically in the germline and located in P granules in
have a similar distribution to that of Xp54, whereas the 50-52ddition to other mRNA-containing particles (Navarro et al.,
kDa mRNA-associated proteins are restricted to the cytoplasr@001). It may also be related to the observatioDrimsophila
A further control is provided by the nuclear factor, oocytes that the orthologue Me31B is highly concentrated
retinoblastoma-associated protein p48 (RbAp48), which i the sponge bodies, which may be functionally related to
confirmed to be completely nuclear throughout (Fig. 1B). Thesthe Balbiani body ofXenopusoocytes (Nakamura et al.,
results are consistent with Xp54 having a function in th€001).
assembly of mMRNP patrticles in the nucleus. Immunostaining of urea-washed sectionsXefiopusovary
One additional observation is that anti-p54 reacts stronglglso reveals residual nuclear structures, both internally and at
with material in the Balbiani body of stage I/ll oocytes.the nuclear periphery (Fig. 1A). It is likely, from the data
Staining of this structure is seen to best effect when thpresented later, that the residual material results from a tight
more soluble material, including most of the cytoplasmidnteraction of Xp54 with pre-existing nuclear structures.
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+BrUTP following centrifugation, particles sedimented around 80 S and
Di'A +2P-CTP, other material was pelleted (Fig. 1C). The pelleted material can
N T6h eh VN be recovered from isolated nuclei (not shown), and at least
some of it represents the association of Xp54 with nascent
A Anti-BrlJ DAPI Anti-HDAC PC transcripts as indicated by positive immunostaining of

lampbrush chromosomes from stage Il oocytes with anti-p54
(not shown). By stage VI, the only change is the detection of
much less Xp54 in the pellet (owing to almost all of the protein
being in particles in the size range of mMRNP associated with a
single ribosome and thus not pelleted) (Fig. 1C) (Sommerville,
1990). Isolation of nuclei from stage VI oocytes confirms that
there is little Xp54 left in the largely inactive chromatin,
instead, the small amount of protein detected is soluble (Fig.
1C). In embryos at mid-blastula, Xp54 is seen in the form of
small particles and pelleted material (Fig. 1C), corresponding
to a resumption of its association with active chromatin.

B Protein expressed Protein expressed

— Xp54 HDAC — Xp54HDAC
kDa kDa

i _58 - - 58 Expression of recombinant Xp54 in oocytes

L 14 ° 55 “n“ 55 The cDNA clone encoding Xp54 (Ladomery et al., 1997) was
used to construct a series of T7 epitope-tagged and GFP-fusion
proteins (Fig. 2A) for use in identifying sequences responsible
for various cellular activities. All of the constructs could be
6 expressed in oocytes from a CMV promoter. In general,
recombinant protein expression was easily detected 18-24
4 hours after plasmid DNA injection into full-grown (stage VI)
oocytes. For instance, T7-p54 could be expressed up to a level
of about 50 ng/oocyte in 24 hours, which approaches the
concentration of endogenous Xp54. Even at this high level of
expression, T7-p54 was detected only in the cytoplasm (Fig.
0 2B). Surprisingly, a construct expressing a smaller protein, T7-
, _ . ) ) AV, with a mass of 26 kDa, was also entirely cytoplasmic (Fig.
Fig. 8. Recombinant Xp54 associates with de novo synthesized  7p) A protein of this size would be expected to diffuse freely
RNA. Stage Ill/IV oocytes expressing T7-p54 and T7-tagged histoneg, ., cytoplasm to nucleus, as does the 38 kDa GFP protein
deacetylase (HDAC) were injected with @id of BrUTP and 0.1 used as a control in oocyte injections and cell transfections. To

UCi of 32P-CTP six hours before isolation of nuclei. (A) Double lain th b . bl . ]
immunostaining of lampbrush chromosomes using anti-BrdU mouse®XPlain these observations, two possibilities are examined here:

monoclonal and anti-HDAC rabbit polyclonal. Immunofluorescent  first, that Xp54 can gain entry to the nucleus, through diffusion
(FITC-conjugated anti-mouse IgG and TRITC-conjugated anti-rabbiOr by active import, but is rapidly exported again; and second,
IgG), DAPI and phase contrast (PC) images of a representative  that Xp54 contains a cytoplasmic retention signal that prevents
bivalent are shown. (B) Immunoprecipitation of T7-Xp54 and T7-  its entry into the nucleus of full-grown oocytes.

HDAC from nuclear extracts using anti-BrdU and anti-T7

monoclonals. Nuclear extracts from non-injected oocytes (-) are

shown as negative controls. (C) ImmunoprecipitatioffBflabelled Identification of a potential NES and phosphorylation

RNA from nuclear extracts similar to those in (B) using anti-BrdU  sjtes in Xp54

IgG and anti-T7 IgG is shown.

Anti-T7
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On examining the amino-acid sequence of Xp54 for potential
signals that might contribute to the cellular distribution of the
Xp54 is detected in both mRNA-associated and soluble protein, two motifs stand out. The first is a leucine-rich
forms in oocytes and embryos sequence similar to the nuclear export signal (NES) described
If Xp54 is shifted between different cell compartments, is theréor HIV Rev (Fischer et al., 1995) and possibly belonging to a
a corresponding shift in its association with other cellulafamily of NES motifs typified by critical positioning of leucine
components? To answer this question, extracts taken frorasidues (Fig. 2C). Export of proteins containing a leucine-rich
nuclei and cytoplasms at different times of development werBNES is sensitive to leptomycin B (LMB), a drug that
separated on glycerol gradients and the resulting fractiorspecifically inhibits activity of the nuclear receptor CRM1
analysed for Xp54 by immunoblotting. Extracts from stage (Fornerod et al., 1997; Kudo et al., 1998). The potential NES
oocytes show a broad range of sedimentation values, froia located in the N-terminal region of Xp54, which comprises
soluble material at the top of the gradient to materiathe first 164 residues and is referred to henceforth as the N-
sedimenting faster than polysomes in the pellet (not shownjerminal (NT) region. The second type of motif is the
This range includes poly(ANRNP particles, which sediment consensus site for phosphorylation by the protein kinase CK2.
at 30-120 S, and nuclear RNP particles and chromatin, whidhnly four CK2 sites are found in Xp54 (Fig. 2D), all of which
would pellet at this speed (Darnbrough and Ford, 198lare located within the C-terminal 44 residues. The C-terminal
Cummings and Sommerville, 1988). By oogenic stage 11133 residues is henceforth referred to as the CT region.
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Fig. 9. Treatment of oocytes with LMB or mutation of the leucine-
rich NES of Xp54 has little effect on nuclear export of mMRNP
particles. (A) Stage IlI/IV oocytes expressing T7-p54 were injected
with 0.1uCi of 32P-CTP, and poly(&)RNP was extracted to assay
radioactivity incorporated (columns) and T7-p54 present
(immunoblot) in nuclei and cytoplasms after 16 and 28 hours.

(B) Immunoprecipitation, with anti-T7 IgG, of poly(Aand

poly(A)~ RNP extracted from cytoplasms of stage Ill/IV oocytes
expressing T7-p54 and mutant T7-P53for 60 hours. In addition,
poly(A)* tails from cytoplasms of 50 oocytes expressing T7¥p54
were run on glycerol gradients, and sedimentation fractions were
analysed by immunoblotting for the T7-tag. The sedimentation of
T7-p54VES-from 50 nuclei is also shown.

by treating the injected oocytes with 50 nM LMB for four
hours prior to nuclear isolation (Fig. 3A, second and fourth
columns). Accumulation in the nucleoplasm indicated
inhibition of NT-GFP export by the CRM1 nuclear pathway.
From oocytes expressing GFP alone, a weak and evenly spread
nuclear signal was seen, presumably due to diffusion from the
cytoplasm (Fig. 3A, fifth column); from oocytes expressing
T7-RbAp48, which served as a negative control, no nuclear
fluorescence was seen (Fig. 3A, last column).

The nuclear concentration of NT-GFP increases (and the
cytoplasmic concentration decreases) after treatment with LMB,
which was demonstrated by comparing separated nuclei and
cytoplasms, either directly by fluorescence or indirectly by
immunoblotting (Fig. 3B, left). Viewed in blue light, which
specifically activates GFP, the nucleus fluoresces more than
attached cytoplasm: viewed in green light, no nuclear
fluorescence is seen, whereas the cytoplasm still fluoresces,
indicating that most of the cytoplasmic fluorescence is due to
autofluorescence of yolk rather than presence of GFP (Fig. 3B,
left). Upon immunoblotting NT-GFP with anti-myc (Fig. 3B,
right), the protein from five nuclei (tracks 1 and 5) produces
about a fifth (0.2) of the band intensity of protein from one
cytoplasm (track 2 and 6) in the absence of LMB and three times
the band intensity in the presence of LMB (tracks 3 and 4; 7
and 8). This equates to nuclear:cytoplasmic content ratios
of 0.04 (0.2/5) and 0.6 (0<3), respectively. Assuming a
nuclear:cytoplasmic available volume ratio of 0.05 for stage
V/VI oocytes, the ratios of nuclear:cytoplasmic concentration of
NT-GFP are estimated to be 0.8 (0.04/0.05) in the absence of
LMB and 12 (0.6/0.05) in the presence of LMB. This 15-fold
concentration in the nucleus after LMB treatment is consistent
with inhibition of the CRM1 export pathway.

A stringent test of a protein being actively imported into, and
exported out of, the oocyte nucleus is its ability to cotranslocate
bound IgG molecules, the mass of IgG precluding its passive
diffusion through the nuclear pores (Bellini and Gall, 1999).
However, oocytes expressing NT-GFP, which also carries a 6-
myc tag, translocate anti-myc antibodies from the cytoplasm to
the nucleus (Fig. 3C, left). This effect is not seen with oocytes
expressing myc-tagged GFP. Treatment of the NT-GFP-
expressing oocytes with LMB results in enhanced accumulation
of anti-myc 1gG in the nucleus.

The NT region of Xp54 appears to be sufficient not only for
nuclear import but also for binding to nascent transcripts on the
extended loops of lampbrush chromosomes from stage IV
oocytes. Furthermore, anti-myc 1gG injected into the cytoplasm
and translocated to the nucleus by NT-GFP also localizes to

Interestingly, both the potential NES and the CK2 sites armascent transcripts, the anti-myc IgG being detected by
conserved among vertebrate orthologues of Xp54 but are nmhmunostaining the chromosomes with FITC-labelled anti-

evident in invertebrate orthologues.

Treatment of injected oocytes with LMB results in
nuclear accumulation of Xp54

mouse IgG (Fig. 3C). It is concluded that neither binding of IgG
to the N-terminus nor fusion of GFP to the C-terminus impedes
interaction of the NT fragment with nuclear import factors and
nascent RNP transcripts. The same procedure using oocytes
expressing myc-tagged GFP resulted in no chromosomal

In contrast to the results obtained from expressing T7-p54 (Fignmunofluorescence and sufficed as a negative control (Fig. 3C).
2B), expression of NT-GFP in oocytes resulted in fluorescence

being detected directly in isolated nuclei. 16-24 hours after ) ) .

plasmid injection, NT-GFP was detected in increasing amounfsecombinant Xp54 can be expressed in a variety of

around the nuclear periphery (Fig. 3A, first and third columns)gulture cells

a location that is consistent with efficient nuclear export. Thé®wing to their large size and the accumulation of yolk, which
nuclear concentration of NT-GFP was substantially increasesbscures detail, oocytes are unsuitable for visualizing the
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transport of GFP-fusion proteins. Transfected culture cells afdT-GFP (Fig. 3B, right), indicating that the mutated sites are
more convenient. Various types of culture cells were transientlsequired, in non-mutated forms, for recognition by CRML1.
transfected with plasmid DNA expressing the NT-GFP fusioWhereas CHX treatment has little effect on the distribution of
protein. These includeXenopusXTC-2 cells, which have non-mutated NT-GFP, it enhances the nuclear:cytoplasmic ratio
embryonic features (Smith and Tata, 1991), mousefthe NES— mutant, presumably owing to further depletion of
mesothelioma AC29 cells, canine kidney MDCK cells andhe cytoplasmic pool on inhibition of protein synthesis. However,
human tumour HelLa cells. All cells tested showed essentially is obvious that, as with LMB treatment of oocytes, mutation
the same results, a cytoplasmic localization of NT-GFP (Fig. 4pf the NES does not completely inhibit export of the protein.
Expression of the GFP protein itself resulted in approximately On examining cotranslocation of antibody injected in the
equal concentrations in the cytoplasm and nucleus, as would bgtoplasm, it is seen that the NES- mutation has the effect of
expected if it were free to diffuse between compartments.  enhancing nuclear accumulation of anti-myc IgG (Fig. 5B, left).
By injecting anti-myc IgG into the nucleus, a comparison can be
_ _ made between the ability of NT-GFP and the NES— mutant to
Treatment of HeLa cells with LMB results in nuclear translocate the antibody to the cytoplasm. About ten times more
accumulation of NT-p54 IgG can be translocated to the cytoplasm in 16 hours in oocytes
Initial transient transfection experiments indicated that the Nexpressing NT-GFP than in oocytes expressing the NES— mutant
terminal region of recombinant Xp54 is required for nuclea(Fig. 5B, right). The antibody is translocated from neither
export. In HelLa cells, NT-GFP appears to be exclusivelgytoplasm nor nucleus in oocytes expressing myc-tagged GFP
cytoplasmic (Fig. 4B) even 48 hours after transfection (nofFig. 5B). Expression of the NES— mutant in HelLa cells results
shown). However, treatment of the cells with 5 nM LMB for fourin nuclear accumulation of the GFP signal (Fig. 5C). These
hours, 22 hours after transfection, resulted in most of the NTesults are all consistent with the interpretation that the leucine-
GFP protein being relocated to the nucleus (Fig. 4B). Almostich NES contributes to nuclear export of NT-GFP by the CRM1
complete relocation was observed, as confirmed by opticglathway.
sectioning (Fig. 4B, bottom row). Thus the initial absence of NT-
GFP from the nucleus was considered to be due to efficient
export rather than a failure of the protein to gain access througie C-terminal region of recombinant Xp54 can act as a
diffusion or active import. Treatment of the cells witigml  Cytoplasmic retention signal
actinomycin D (AMD) for two hours completely inhibits RNA The ability of NT-GFP to shuttle between the nucleus and the
synthesis (not shown) yet does not change the subsequent effegbplasm, with an equilibrium towards cytoplasmic
of LMB (Fig. 4B), indicating that neither nuclear uptake noraccumulation, which is blocked by LMB or NES mutation, does
nuclear export of NT-GFP is dependent on continuing RNAot explain fully the influences determining the subcellular
synthesis. That nuclear import is dependent on an energglistribution of the complete Xp54 molecule. To address this
requiring mechanism is indicated by the effect of reducing thpoint, constructs were made to express T7 epitope-tagged
culture temperature to 6°C, which inhibits nuclear accumulatioproteins with and without the carboxy-terminal (CT) region (Fig.
in the presence of LMB (Fig. 4C, left). However, nuclear impor2A). As already noted, deletion of the enzyme core, including
of NT-GFP is not dependent on continuing protein synthesighe putative NES, results in a small protein of 26 kDaAV,7-
treatment of transfected cells with cycloheximide (CHX) at 20which is restricted to the cytoplasm of oocytes (Fig. 2B) and
pa/ml is sufficient to substantially inhibit protein synthesisHelLa cells (not shown). The whole protein, T7-p54, behaves in
(reduction of 95%) in two hours (not shown), but it does noa similar fashion (Fig. 2B), its cytoplasmic distribution in HeLa
prevent nuclear accumulation of NT-GFP in the presence afklls not being influenced by treatment by LMB (Fig. 6, left).
LMB (Fig. 4C, middle). CHX treatment has no additional short-Replacement of the C-terminal 82 residues of T7-p54 with an
term effect on the distribution of NT-GFP, irrespective of anyunrelated plasmid sequence results in a protein of 52 kDa, T7-
subsequent treatment (Fig. 4C, right). These results show thatACT (Fig. 2A), which is predominantly cytoplasmic, but which
Hela cells, at least, NT-GFP can shuttle between the nucleasw responds to LMB treatment by being accumulated in the
and the cytoplasm and that signals sufficient for nuclear imporiucleus (Fig. 6, middle). Finally, replacement of the CT region
and export are present in the NT-region of Xp54. of T7-AV in the same way results in a protein of 23 kDa, T7-
AVIACT (Fig. 2A), which is now free to diffuse into the nucleus
) o ) (Fig. 6, right). Furthermore, the distribution of ZV/ACT is
Mutation of the leucine-rich NES results in nuclear not influenced by treatment with LMB, presumably because this
accumulation of NT-GFP protein lacks the 37 residues of the NT region containing the
Pinpointing the nuclear-export function within leucine-rich putative NES. Taken together, these results show that the CT
sequence was achieved by mutating potentially critical leucineegion of Xp54 can be used to restrict proteins to the cytoplasm.
residues to valines. Described here are the effects of mutatitigs possible, then, that this region is used in oocytes to regulate
both Lissand Lisgto give an NES— form of NT-GFP (Fig. 5). release of Xp54 for nuclear import.
These mutations were selected to have no obvious effect on the
structure of the protein. The nucleocytoplasmic distribution of _ _ _ o
proteins expressed in oocytes shows a shift to nucle4rytoplasmic retention of Xp54 in oocytes is relieved by
accumulation of the NES— mutant compared with non-mutate@ctivating transcription.
NT-GFP and myc-tagged GFP, which represents a diffusibl&p54 is characterized as a protein associated with stored
protein (Fig. 5A). The effect seen here with the NES— mutant isIRNA in the cytoplasm of oocytes. Results showing that Xp54
directly comparable with that of LMB treatment on non-mutateccan shuttle between the cytoplasm and the nucleus raise
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questions about its possible nuclear functions, particularlynjected intoXenopusoocytes is incorporated into lampbrush
does it interact with the nascent, pre-mRNA transcripts ofoop transcripts as a marker for RNA polymerase |l activity
lampbrush chromosomes? (Gall et al., 1999). Incorporation of BrUTP can be detected
As already noted, expression of T7-Xp54 in oocytes results insing antibodies directed against bromodeoxyuridine, which
its cytoplasmic accumulation (Fig. 2B). Chromosomes isolatedive a specific crossreaction with nascent transcripts (Fig. 8A).
from full-grown oocytes have low levels of transcriptional In order to check that Xp54 binds, either directly or indirectly,
activity and are often foreshortened owing to partial chromatito nascent pol Il transcripts, immunoprecipitation studies were
condensation. Such chromosomes, isolated from oocytesrried out using nuclei isolated from oocytes expressing T7-
expressing T7-Xp54, show no evidence of the T7-epitope (Fign54. RNA was double-labelled with BrUTP aftP-CTP for
7TA, top row). Likewise, the recombinant protein lacking thesix hours prior to nuclear isolation to permit precipitation using
enzyme core, TAV, remains cytoplasmic and, as expected, isanti-BrU and the assay of incorporated radioactivity. Co-
not detected on chromosomes (Fig. 7A, middle row). Howeveprecipitated protein was detected by immunoblotting. In
replacement of the C-terminal domain of Xp54 with an irrelevanaddition to oocytes expressing T7-p54, oocytes expressing a
sequence gives a protein, AGT, which has access to the chromatin-associated protein, maternal histone deacetylase
nucleus and is detected on chromosomal loops (Fig. 7A, bottoMDACm) (Ryan et al., 1999), which was also tagged with the
row). The immunoblot shows that TMCT is unstable in the T7-epitope, were used as controls. Anti-HDACm detects
cytoplasm of oocytes, giving rise to breakdown products, angrotein on lampbrush chromosomes with a distribution more
that nuclear concentration of T¥CT is low (as with transfected coincident with the chromomeric axis than that of nascent
Hela cells not treated with LMB) (Fig. 6, middle) and gives poottranscripts detected with anti-BrU (Fig. 8A). Whereas anti-BrU
chromosome staining (Fig. 7A, bottom row). However, there iprecipitated roughly equal amounts of radioactive RNA from
poor development of transcribing loops in all of thethe nuclear extracts of oocytes expressing either T7-Xp54 or
chromosomes shown in Fig. 7A. It has been noted previousli/7-HDACm, anti-BrdU co-precipitated much more Xp54 than
that treatment of stage VI oocytes with inhibitors of histoneHDACm from the corresponding extracts (Fig. 8C, left). Using
deacetylase activity, butyric acid (Sommerville et al., 1993) anthe same extracts, anti-T7 co-precipitated more radioactive
trichostatin A (TSA) (Ryan et al., 1999), can lead to reactivatiolRNA from oocytes expressing T7-Xp54 than from oocytes
of transcriptional activity. Treatment of injected oocytes with 2expressing T7-HDACm, although the two proteins were
ng/ml of TSA for six hours prior to isolating nuclei and makingprecipitated in roughly equal amounts (Fig. 8B, right). Nuclear
chromosome spreads resulted not only in more transcriptionalBxtracts from non-injected oocytes gave little precipitated RNA
active chromosomes but also in nuclear uptake of T7-p54 amat protein. These results indicate that there is a specific
localization on the loop RNP matrix (Fig. 7B, top row).AV-  association of Xp54 with nascent polymerase Il transcripts.
was also imported into the nucleus and localized on
chromosomal loops after TSA treatment (Fig. 7B, middle row). .
Thus the ability of Xp54, and recombinant fragments containin§Xport of mMRNA-bound T7-Xp54 is not affected by LMB
the CT region, to be released from the cytoplasm and enter tR& mutation of the NES
nucleus appears to be dependent on transcriptional activity of the order to assess the significance that the CRM1 pathway
endogenous chromatin. On inhibiting RNA polymerase Il bymight have on the export of maternal mRNA, stage IlI/IV
treating injected oocytes with Qug/ml of a-amanitin (-AM) oocytes, expressing T7-p54, were labelled WAEXCTP in the
for six hours, the opposite effect was achieved: the chromosompsesence and absence of LMB. Although cytoplasmic
condensed, and TAET, which had been spontaneously takenaccumulation of labelled poly(A)RNA appeared to be lower
up by the nuclei, is lost from the chromosomes (Fig. 7B, bottorim oocytes treated with LMB, the nucleus:cytoplasm ratio of
row). Therefore, TACT, and by implication Xp54, would T7-p54 showed little difference between LMB treated and
appear to associate with RNA polymerase |l transcripts imntreated oocytes (Fig. 9A). What was apparent was that
response to activation of transcription. the total amount of T7-p54 present was less, especially on
One prediction from the association of Xp54 with nascenéextending the LMB treatment for a further 12 hours. It was
transcripts is that the expressed recombinant protein should bencluded that extended treatment with LMB has a detrimental
found in large nuclear aggregates corresponding to the loadfect on the continuing synthesis or stability of T7-p54 and
matrix. On expressing T7-p54 in stage VI oocytes, which havthat this negative effect might extend to the production of
a low level of transcriptional activity, almost all of the proteinmRNA. The contribution of the CRM1 pathway over the longer
is found in a soluble form or as small complexes sedimentinggrm is better studied using the NES— mutant. After expression
below 80 S on glycerol gradients: less than 2% of the T7-p5tr 60 hours in stage IllI/IV oocytes, Xp54 is found in both
sediments in large (>300 S) complexes (Fig. 7C, top). Howevetytoplasmic poly(Ay and poly(Ay fractions, whereas T7-
on expressing T7-p54 in stage VI oocytes that have begb4VES-is found almost exclusively in the poly(Ajraction
activated by treatment with TSA, more than 50% of the proteiFig. 9B). The partitioning of soluble T7-p%Z5- in the
has moved into the nucleus where almost all is in the pelletaticleus and mRNP-incorporated T7-52-in the cytoplasm
fraction (Fig. 7C, middle and bottom). These observations arie clearly shown by sedimentation analysis (Fig. 9B). Thus,
consistent with the interpretation that Xp54 is incorporated intonutation of the NES sequence, which traps soluble Xp54 in
transcribing chromatin as already described (Fig. 7B). the nucleus, has little effect on export of poly{(#)at contains
T7-p54VES- Although we cannot exclude the possibility of
. ] ] ) native Xp54 being included in these same mRNP particles, the
T7-Xp54 binds newly synthesized RNA in oocyte nuclei failure of LMB to affect export of T7-p54 (Fig. 9A) makes this
It has been shown previously that 5-bromo-UTP (BrUTP)ess likely. Also, the average sedimentation rate of RNP
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particles containing T7-p54 (Fig. 9B; Fig. 7C) appears leswe describe the effect of the C-terminal tail region on retaining
than seen with native Xp54 (Fig. 1C), which may relate to aXp54 in the cytoplasm, thereby restricting its tendency to
aggregation of particles or interaction with other componentshuttle between the nucleus and the cytoplasm. The presence of
that may develop over a longer period in vivo. four consensus CK2 protein kinase sites within this region

The relevance of these results to the packaging and expatiggests regulation by phosphorylation. In previous studies, it
of maternal mRNAs was checked by RT-PCR from RNAhas been shown that the two mMRNA masking proteins pp60 and
extracted from anti-T7-precipitated cytoplasmic poly(A) pp56 are the most efficiently phospholabelled proteins through
RNP. DNA fragments of predicted length were specificallymost of oogenesis (Dearsly et al., 1985). Phospholabelling
generated from primer pairs corresponding to cDNAs encodeatcurs both in vivo and in vitro, by a CK2 catalytic subunit that
by genes essential for meiotic maturatieyc{in B1and ¢ is an integral component of the mRNP particle (Cummings and
mo9, cell proliferation during early embryogenesis@s) and  Sommerville, 1988). This early and continuing turnover of
chromatin remodellinghjstone B4 data not shown). phosphates is not detected in Xp54. In the present study, we

found no effect of activators or inhibitors of CK2 or protein

) ) phosphatases on nuclear import or export (results not shown).
Discussion Since Xp54 is phosphorylated, both in vivo and in vitro, early
Xenopusoocytes accumulate mMRNA sequences to a pool size oocyte maturation (D.A.S. and J.S., unpublished), when
of about X101 molecules per oocyte. This pool is establishedranslation of maternal mRNAs is first being activated, we
relatively early in oogenesis (prior to stage Ill) and is derivecdonclude that phosphorylation by a maturation-specific protein
from intense transcriptional activity on the loops of lampbrustkinase may lead to unmasking of mMRNAs encoding cell cycle
chromosomes (Sommerville, 1981). During the remainder diunctions.
oogenesis, transcriptional activity gradually decreases, At the start of this investigation it seemed reasonable to ask
replacing some mRNA sequences lost through decay anfithe maternal mRNAs, which are destined to be stored as
producing new mRNA species in a stage-specific manner. Atanslationally repressed RNA/protein complexes, have some
any one time, less than 2% of poly{ARNA is assembled unique form of nuclear export. Maternal RNA transcripts are
in polysomes, the remainder existing in a translationallydistinct, in as much as a major fraction derives from intron-less
repressed state as RNPs, eventually to be used, in the absegeres that may employ a rapid alternative export pathway from
of further transcription, during oocyte maturation, eggthat of spliced mRNA. For instance, pre-mRNA transcripts
fertilization and early embryogenesis. The moleculafrom reporter genes containing introns are properly spliced and
composition of these stored, maternal mMRNP particles has befad into the pathway leading to translation, whereas transcripts
a major focus of our studies. from genes lacking introns or containing only lat§ {@trons

The mRNP particle fraction contains a small set of abundamtass, by default, into the stored mRNP pool (Braddock et al.,
proteins that appear to be associated with most, if not all994; Matsumoto et al., 1998). A specific pathway for nuclear
translationally repressed mRNA species. A core group oéxport of unspliced transcripts is described for HIV Rev in
proteins, originally designated RNP1-4 (Darnbrough and Fordyhich a leucine-rich NES in Rev is recognized by the nuclear
1981), has been further characterized: the Y-box-maskingxport receptor CRM1 (Fischer et al., 1995; Fornerod et al.,
proteins FRGY2a/pp60/mRNP4 and FRGY2b/pp56/mRNP3997). Here, we have reported the occurrence of a similar
(Ladomery and Sommerville, 1994; Murray, 1994; Wolffeleucine-rich sequence in Xp54, the ability of Xp54 to shuttle
et al., 1992); the DEAD-box RNA helicase Xp54/RNP2between cytoplasm and nucleus, the inhibition of nuclear
(Ladomery et al.,, 1997); and an Xp54 partner proteirexport of Xp54 by LMB, which is a specific inhibitor of CRM1
p52/RNP1 (D.A.S. and J.S., unpublished). Previous studig&udo et al., 1998) and the inhibition of nuclear export of Xp54
have shown that FRGY?2a/pp60/mRNP4 and FRGY2b/pp5@ly mutation of its leucine-rich NES. These various findings
mRNP3 bind to nascent transcripts of lampbrush chromosomssiggested that Xp54 might be directly responsible for the
(Sommerville and Ladomery, 1996) and are exported from theuclear export of maternal mMRNA. CRML1 is developmentally
nucleus in association with the RNA products of reporter genaggulated during early development Xénopus(Callanan et
(Braddock et al., 1994; Matsumoto et al., 1998), indicating aal., 2000), and the activity of the mRNA-associated helicase
early association with endogenous mRNA sequences. A cloga3 is required for its nuclear export in oocytes by CRM1
interaction of these two masking proteins with translationall(Askjaer et al.,, 2000), although no study has shown,
repressed mRNA is thereafter maintained throughout thenequivocally, a significant CRM1-dependent mRNA export
storage period. In this report, we describe the occurrence pathway (Neville and Rosbash, 1999). In examining poly/(A)
endogenous Xp54 in the nucleus of stage I-1ll oocytes and tHeactions from oocytes expressing Xp54, we have found no
ability of recombinant Xp54 to be imported into the nucleus tevidence that nuclear export of the in vivo assembled mRNP
bind to nascent transcripts and to be exported back to tlemplexes is compromised by LMB treatment or mutation of
cytoplasm. Because the masking proteins and Xp54 alwayke leucine-rich NES.
occur in the same biochemical fractions and are detected at theWe conclude that the leucine-rich sequence may be used to
same cytological locations, it is assumed that they may havemove excess Xp54 from the nucleus in situations in which
co-operative activity in assembling a stable, translationallyyascent transcripts are already saturated with the helicase. The
repressed mRNP, the ‘maskosome’ (Sommerville, 1999).  steady-state distribution of Xp54 in both oocytes and culture

The permanence of association of Xp54 with the mRNRells would suggest that nuclear export of overexpressed
particle would argue that its helicase activity could beprotein is more efficient than nuclear import. However, nuclear
(re)activated at particular times in development, but specifionport of recombinant Xp54 can be enhanced by using
signals for activation remain to be determined. In this reportranscriptionally active (stage 1ll/IV) oocytes or by activating
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terminal tail region of Xp54 is implicated in cytoplasmic
retention, but activation or inhibition of phosphorylation
appears to have no effect on its nucleocytoplasmic distributioieferences
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