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Dbp5p, a cytosolic RNA helicase, is required for
poly(A)* RNA export

Stephanie S.-1 Tseng', Paul L.Weaver'?, GTP hydrolysis by Ran is thought to promote this trans-
Yan Liu3, Midori Hitomi3, Alan M.Tartakoff3 location process. Importia then dissociates from importin
and Tien-Hsien Chang'* B and the cargo upon arrival in the RanGTP-rich interior
of the nucleus (Gdich and Mattaj, 1996). Recent data
IDepartment of Molecular Genetics, The Ohio State University, suggest that there are multiple independent protein import

Columbus, OH 43210 an%Departmen_t of F_’athology and CeI_I I_3io|ogy pathways, each employing distinct members of the
gggﬁ;ﬂa%if Xzigtgrﬁgzserve University School of Medicine, B-importin family for import. For example, import of
hnRNP Al protein is mediated by transportin 1 (Pollard
et al, 1996), and import of some of the ribosomal proteins
is facilitated by Kap123p and Pselp (Ratal., 1997).

In comparison with our knowledge of protein import,
less is known about how RNAs exit from the nucleus
into the cytoplasm. Micro-injection experiments using
the Xenopusoocytes have established that RNA export
is an energy-dependent and carrier-mediated process
(Jarmolowskiet al,, 1994). This approach also provided
evidence that export of different classes of RNAs, such
as transfer RNAs (tRNAs), 5S ribosomal RNA (rRNA),
U small nuclear RNAs (snRNAs) and messenger RNAs
(mRNAs), can be competitively inhibited by their cognate
RNAs but not affected by other classes of RNAs
(Jarmolowskiet al., 1994). Therefore, it appears that the
rate-limiting steps for exit of different RNAs are distinct.
are likely to be conserved, since its potential homo- Biochemical studies of U snRNA export have revealed

logues can be found in a variety of eukaryotic cells. that it is mediated, at least in part, by a nuclear cap-

Keywords ATPase/DEAD-box protein/mRNA export/ binding protein complex (CBP), which is composed of
RNA helicase two proteins, CBP80 and CBP20 (Izaurrakteal., 1995).

In contrast, the 5cap appears to be less important in
MRNA export (Jarmolowsket al, 1994). Furthermore,
. the export of the partially spliced and unspliced human
Introduction immunodeficiency virus 1 (HIV-1) mRNAs is mediated

One of the defining features of eukaryotic cells is the by the binding of the viral Rev protein to an RNA element
nucleus, which separates the activities of replication and called the Rev response element (RRE) (Detlpl, 1989;
transcription from that of translation. Active and selective Zapp and Green, 1989). It was subsequently shown that
nucleocytoplasmic transport is thus required to import Rev contains a leucine-rich nuclear export signal (NES),
and export proteins and RNAs to their functional sites Which could also be found in some other exported proteins,
(reviewed in lzaurralde and Mattaj, 1995; Gch and ~ such as TFIIIA and protein kinase inhibitor (PKI)
Mattaj, 1996; Nigg, 1997; Ullmaret al, 1997). These  (reviewed in Gerace, 1995).

cargoes must traverse the nuclear envelope via the nuclear Since nuclear mRNAs are expected to associate with
pore complexes (NPCs), which are the only known sites proteins in the form of heterogeneous nuclear ribonucleo-
for exchange of macromolecules between the nucleus andprotein particles (hnRNPs) or messenger RNPs (mRNPs),
the cytoplasm (reviewed in Rout and Wente, 1994). Much ithas been speculated that mMRNA export could be mediated
of our understanding of the nucleocytoplasmic transport by RNA-binding proteins harboring NESs. This proposi-
came from studies of protein import. Nuclear import is tion has been supported by the finding that hnRNP Al
initiated by binding of the nuclear localization signals protein contains a transferrable M9 domain that can confer
(NLSs), present on the nucleus-bound proteins, to an NLS both rapid protein import and export (Michaet al.,
receptor, which is a heterodimeric complex composed of 1995a) and that hnRNP Al, as well as hnRNP D, E, |
importin o and importinB. The tripartite unit then docks and K, shuttle between the nucleus and the cytoplasm
to the NPC and is subsequently translocated through the(Michael et al, 1995b). In addition, a yeast protein
pore by an energy-dependent mechanism (reviewed inMtr13p/Npl3p/Nop3p, with considerable sequence and
Gorlich and Mattaj, 1996), which requires the small structural similarity to mammalian hnRNP proteins,
guanosine triphosphatase (GTPase) Ran (Melohia., shuttles between the nucleus and the cytoplasm, while its
1993; Koepp and Silver, 1996) and a small homodimeric inactivation by mutations causes nuclear accumulation of
protein called p10 or NTF2 (Nehrbass and Blobel, 1996). poly(A)* RNAs (Singletoret al., 1995; Leeet al., 1996).

2Present address: Center for Immunology, University of Minnesota,
Box 609 UMHC, Minneapolis, MN 55455, USA

4Corresponding author
e-mail: chang.108@osu.edu

The DBP5 gene encodes a putative RNA helicase of
unknown function in the yeast Saccharomyces cere-
visiae Itis shown here that Dbp5p is an ATP-dependent
RNA helicase required for polyadenylated [poly(A)t]
RNA export. Surprisingly, Dbp5p is present predomin-
antly, if not exclusively, in the cytoplasm, and is highly
enriched around the nuclear envelope. This observation
raises the possibility that Dbp5p may play a role in
unloading or remodeling messenger RNA particles
(mRNPs) upon arrival in the cytoplasm and in coupling
MRNP export and translation. The functions of Dbp5p
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Most recently, a nuclear export receptor, exportin 1 been implicated in mRNA export. The nuclear Mtr4p was
(Crm1lp), was identified on the basis of its interactions identified in themtr mutant screen (Liangt al, 1996),
with both leucine-rich NES and RanGTPase, its shuttling while the human nuclear RNA helicase A, a shuttle
behavior (Fornerockt al, 1997; Stadeet al, 1997) and protein, appears to accompany the simian viral RNAs
that crm1 mutants block poly(AJ RNA export at the containing the constitutive transport element (CTE) to the
restrictive temperature (Stad al., 1997). cytoplasm (Tanget al., 1997).

Systematic screening of yeast conditional mutants for In this work, we show that an ATP-dependent RNA
poly(A)* RNA accumulation in the nucleus at the restric- helicase, Dbp5p, is essential for export of poly(A)
tive temperatures has led to the identification of a number RNA from the yeast nucleus. The remarkable cytoplasmic
of mtr (MRNA transport) (Kadowaket al, 1994a) and enrichment of Dbp5p suggests that it is likely to play a
rat (ribonucleic acid trafficking) (Amberget al., 1992) role in the mRNA export at steps that occur in the
mutants. Some of the corresponding proteins appear tocytoplasm.
function in mMRNA export. For example, severRAT
genes encode components of NPCs, the nucleoporinsl:h,_‘sults
(Gorschet al., 1995). A subset of nucleoporins has already
been implicated in mMRNA export by direct studies of DBP5 encodes an essential putative RNA helicase
NPCs in both yeast and mammalian cells (reviewed in The DBP5 gene (DDBJ/EMBL/GenBank accession No.
Doye and Hurt, 1995). In addition, the isolation of the U28135)was originally identified in a search faccharo-
MTRgenes such adTR13NPL3INOP3(Singletonet al., myces cerevisiaBDEAD-box protein genes (Chargg al.,
1995; Leeet al, 1996) andMTRYPRP20 Kadowaki 1990). The wild-typeDBP5 gene was cloned by colony
et al, 1992), which encodes a guanine nucleotide exchangehybridization with a yeast genomic library using a DNA
factor, further strengthened the idea that hnRNP-like probe (CA5/6) (Changt al, 1990) corresponding to an
proteins and the RanGTPase system are likely to take partinternal region of DBP5 The 3.9 kb DNA fragment
in MRNA export in yeast. Several other genes identified sequenced contained a single 1449 bp open reading frame.
in these screens encode proteins whose functions are nofThe gene product oDBP5 Dbp5p, consisted of all of
immediately obvious for mRNA export. For example, the typical DEAD-box-protein motifs (Figure 1A) and
Ratlp has a 5-3' exoribonuclease activity and may was predicted to be neutral (net overall charge, 0=pl
possess DNA strand separation activity (Ambetgal., 7.5), with a molecular mass of 53.8 kDa.

1992); Mtr2p is a nuclear protein with limited homology To test whetheDBP5encodes an essential gene product,
to a protein implicated in plasmid DNA transfer in we constructed adbp5null allelein vitro by replacing an
Escherichia coli(Kadowaki et al,, 1994b); and Mtr7p/ internal 1.2 kbDBP5 sequence with &IS3 selectable
Acclp is acetyl coenzyme A (CoA) carboxylase, an marker. This disruption allele was used to transform a
enzyme functioning in thele novofatty acid biosynthesis  wild-type homozygousis3- diploid strain. The resulting
pathway (Schneiteet al., 1996). His™ transformants were screened for the correct replace-

Since mMRNAs are expected to adopt a plethora of RNA ment of one of the two genomic copies BBP5 by
structures packaged in the RNPs, their transit through Southern analysis (data not shown). The verified hetero-
NPCs may require major reorganization of RNA and/or zygous diploids were then subjected to sporulation and
RNP structures, a process predicted to be energy-tetrad dissection. Only two viable Hisaploid spores
dependent. Thus, it seems likely that RNA helicases, were recovered in each of the 12 tetrads dissected (data
enzymes that can promote separation of strands in RNA not shown), indicating thaDBP5 is an essential gene.
duplexes or removal of secondary structures in single-
stranded RNA, may also play a major role in mRNA Isolation of dbp5 conditional mutants
export. In this regard, a new class of proteins, the DEAD- To investigate the function of Dbp5p, we sought to isolate
Box proteins (DBPs) may fulfill this role in mMRNA export.  dbp5 conditional mutants by polymerase chain reaction

Members of the DBP family are ubiquitous. They share (PCR) mutagenesis and a plasmid-shuffling method (see
considerable sequence similarities, in particular the Asp— Materials and methods). Twdbp5 temperature-sensitive
Glu-Ala—Asp (DEAD) motif and its variants (reviewed (Ts) mutants that failed to grow at 37°C (Figure 1B)
in Fuller-Pace, 1994). Several of these DBPs, such as thewere isolated from a screen of ~3000 transformants. In
mammalian and yeast elF4A (Rozehal.,, 1990; Blum liquid medium, growth of these two mutants can be
et al, 1992), human p68 (Hirlingt al, 1989), Xenopus completely arrested within 2 h of a temperature shift to
An3 (Gururajaret al., 1994) andDrosophilavasa (Liang 37°C (Figure 1C). In both cases, the henotypes were
et al, 1994), have been shown to exhibit RNA unwinding linked todbp5as shown by recloning thgbp5inserts for
activities in vitro. Thus, it is generally believed that all another round of plasmid shuffling. Sequencing analysis
DBPs are RNA helicases, whose functions are to modulaterevealed that both alleleslbp5-1and dbp5-2 contained
specific RNA secondary structures in their respective multiple point mutations (Figure 1A). No attempt was
biochemical pathways, which include translation initiation, made to assess the contribution of individual mutations to
nuclear pre-mRNA splicing, and ribosomal biogenesis the overall growth phenotypes.

(reviewed in Fuller-Pace, 1994). There are other families

of proteins that are closely related to the DBP family; Slow reduction of protein synthesis in dbp5

these are sometimes called the DEAH and the DEXH mutants

families and, together with the DBP family, they form the dbp5-1landdbp5-2mutants were screened for biochemical
helicase superfamily Il (reviewed in Gorbalenya and defects associated with other known DEAD-box protein
Koonin, 1993). Two of the DEXH proteins have recently mutants. No splicing defects were detected by Northern
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A cytosolic RNA helicase required for mRNA export

analysis in either mutant after shifting cultures to 37°C
for 3 h, in contrast with the aberrant rise GRY1pre-
MRNA levels in control straingrp2 and prpll, which
harbor splicing mutations (data not shown). We then
examined the protein synthesia vivo by measuring
[3S]methionine incorporation in eithetbp5 mutant at
37°C. Cells were preincubated at the non-permissive
temperature for either 15 or 30 min, prior to adding
[33S]methionine for further incubation at the non-permis-
sive temperature. Protein synthesis in bdtp5 mutants
was found to remain active (Figure 2), but gradually
reduced over a period of 1 h (data not shown), in sharp
contrast with the rapid cessation of protein synthesis in a
ded1-199mutant strain defective in translation (Chuang
et al, 1997). To confirm that Dbp5p is not required for
translation, we used an anti-Dbp5p polyclonal antibody
(see below) to deplete>-95% of Dbp5p in translation
extracts prepared from a wild-type strain. A capped
luciferase transcript with poly(A) tail was then added
to the immunodepleted extract fon vitro translation.
Translation activity remained unchanged upon Dbp5p-
depletion, in contrast with the almost complete loss of
translation activity in an extract depleted of Dedlp (data
not shown; Chuangt al.,, 1997). Thus, Dbp5p is unlikely
to play a direct role in translation, as reported for two
yeast DEAD-box proteins, Dedlp (Chuaegal., 1997)
and Tiflp (Schmid and Linder, 1991).

The slow reduction of protein synthesis suggested that
cytoplasmic mRNAs indbp5 mutants could be progres-
sively depleted at 37°C. This possibility was investigated
by measuring the mRNA turnover rates usingrabl-1
temperature-sensitive mutation (Nonet al., 1987) to
inhibit the RNA polymerase Il (pol 1) transcription. At
37°C, the half-lives of th&CT1, CRY1 CUP1, CYH2and
PGKZ1transcripts in thepbl-1-dbp5-1landrpbl-1.dbp5-2
double mutants were found to be identical to those
measured in thepb1-1 mutant (data not shown). Further-
more, stability of thePGK1 transcript was not changed
in either dbp5 mutant strain at 37°C when transcription
was repressed by thiolutin. Thus, it seemed unlikely that
Dbp5p is involved in mMRNA decay, as noted previously
for RhIB (Pyet al., 1996), a DEAD-box protein if.coli.

Rapid nuclear accumulation of poly(A)* RNA in

dbp5 mutants

Defects in poly(AY RNA export could also yield a
progressive loss of cytoplasmic mRNAs, which would in
turn result in a gradual reduction of protein synthesis.

Fig. 1. (A) Predicted amino-acid sequence of Dbp5p. Conserved
sequence motifs (denoted by roman numerals) found in the helicase
superfamilies (Gorbalenya and Koonin, 1993) are underlined.
Mutations in thedbp5-1(®) and thedbp5-2(H) alleles were
determined by DNA sequencing and are shown as italicized letters
below the Dbp5p sequenceB)(Growth phenotypes adbp5-1and
dbp5-2mutants. Cells were grown to saturation in liquid YPD medium
at 30°C, serially diluted (0: no dilution; -1, -2 and —3: 10-218nd
10%-fold dilution, respectively) and spotted onto YPD plates. A set of
two plates were separately incubated at 30 and 37°C. Note that both
dbp5-1and dbp5-2mutant strains grow slightly more slowly than the
wild-type strain (WT) even at 30°CC) Growth curves of wild-type
DBPS5, dbp5-1, anddbp5-2strains in YPD liquid medium at 30 or
37°C. Cell growth was followed by measuring the optical density at
600 nm (OQyg). Arrow indicates the time point when cultures were
shifted to 37°C.
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Fig. 2. Protein synthesis idbp5-1anddbp5-2mutants. Eight units of

cells at OQpg were resuspended in 1 ml of fresh YPD and incubated

at either 15°C ¢ed1-199 or 37°C (WT,dbp5-1anddbp5-2 for 15 or

30 min prior to the addition of 2QiCi of [3®S]methionine. After 1 h
incubation at the non-permissive temperatures, cells were collected and
broken by vortexing with glass beads. Equal amounts of proteins in

the supernatant were normalized by Bradford assay and analyzed by
electrophoresis on a 10% SDS—polyacrylamide gel and
autoradiography.

This possibility was investigated by fluorescent situ
hybridization (FISH) using biotinylated oligo(dT) as a
probe (Kadowakiet al, 1992).dbp5-1and dbp5-2were ; ; : P Ay
incubated at 37°C for 10 min to 3 h and their polytA) : : il Sl SRS |
RNA distributions were analyzed. At the permissive tem- NEE
perature, fluorescent signals corresponding to the pofy(A) ! :
RNAs distributed faintly over the entire cells (Figure 3A).
However, as early as 10 min after the temperature shift,
nuclear fluorescent signals can be detected-80% of l}
cells as distinct spots (Figure 3B), which eventually p
merged into a single larger staining area and remained
stable for>3 h. The observed fluorescence was due to _. o .
nybridization of the oligo(dT) probe to poly(A)RNA, (- (2214 &) Pob(A), KA dtibulons ncbpsricele at 23
since it could be eliminated by pretreating the fixed cells prope was carried out 10 min after shifting to 37°C. Probe localization
with a cocktail of RNase, by preincubating cells at 25°C was detected with fluorescein isothiocyanate-conjugated avidin as
with thiolutin for 1 h, and by repressing pol Il transcription  described by Kadowaleét al. (1992). C) Distribution of poly(A) tail
in a rpb1-1dbp5-1double mutant at 37°C for 1 h (data 'engths in wild-type (WT) strain andbpS-1anddbp5-2mutant

. . strains. Poly(AY RNAs purified from cells grown to mid-log phase at
not shown). Two observations indicated that the fluorescent 5o ang from cells that have been shifted to 37°C for 30 min were
signal was a result of nuclear accumulation of poly(A)  3'-end labeled with32P]Cp and digested with RNase A. The
RNA, rather than rapid turnover of the cytoplasmic remaining intact MRNA poly(A) tails were separated on a 12%
poly(A): RNA. First, the signal persisted for2 h atter ~ Robecivarice, 7 1 rea oo s uaiece o suoradorapn
the addition of tthlutIf‘!, suggesting that the poly(A) mic¥oscopy anglysis of nuclear structures upon ina(.:tivating Dbp5p’s
RNA was unable to exit the nucleus (data not shown). function. Thin section oflbp5-1after 30 min at 37°C. Note the
Secondly, the poly(A) tail of poly(A) RNA in dbp5 conspicuous accumulation of amorphous material within the
mutants was longer than that in the wild-type cells (Figure nucleoplasm (stars) as well as the appearance of what appear to be
3C), suggesting a lack of poly(A) Shortening thought to NPCs including a central plug (arrows). Other aspects of ultrastructure

. appear unchanged.
occur in the cytoplasm (Sachs, 1993).
Since alterations of nuclear structure have been observed

for a number of MRNA export mutants, we studaup5-1
by electron microscopy at 23°C and after 30 min at similar amorphous material was occasionally seen in the
37°C. Most aspects of cell ultrastructure appeared normal, cytoplasm as well. In addition, some NPCs had what
suggesting that the observed poly{ARNA accumulation appeared to be an exaggerated central plug.
did not result from major structural defects of the nucleus.
There was, however, a conspicuous accumulation of Dbpbp is localized in the cytoplasm and is
amorphous material in the nucleoplasm of ttiiep5-1 enriched around the nuclear envelope
mutant cells cultured at 37°C (Figure 3D), similar to what To study the cellular localization of Dbp5p, we raised
has been observed in some mRNA export mutants suchmono-specific polyclonal antibodies against Dbp5p using
as mex67-5(Segrefet al,, 1997). This material did not recombinant Dbp5p purified frork.coli (see Materials
have an obvious spatial relation to the nuclear envelope; and methods). We also constructed yeast strains in which
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the wild-typeDBP5gene was replaced with eitheD8P5- kD

Protein A OBP5—PA gene fusion driven b{pBP5s own o -Emaany pbERAE LSS
promoter, or a gene fusion producing the hemagglutinin- & - i
tagged Dbp5p @BP5-HA driven by the yeast glycer- — —
aldehyde-3-phosphate dehydrogenase (GPD) promoter. 43— |
Both fusion proteins were functional vivo, because the anti-DbpSp anti-HA Normal IgG

growth rates of their host strains were nearly indistinguish-
able from that of the wild-type strain. Western analysis
using anti-Dbp5p antibody, anti-HA polyclonal antibody DEES-FA DEFa-HA

B WT
and normal immunoglobulin G (IgG) detected a single
band corresponding to the wild-type Dbp5p, Dbp5p- k
HA and Dbp5p-PA in yeast extracts prepared from the IFM 4
corresponding strains (Figure 4A). Pl
Indirect immunofluorescence microscopy (IFM) using
anti-Dbp5p antibody with the wild-type cells revealed that
Dbp5p was localized predominantly in the cytoplasm and
with distinct concentration near the nucleus (Figure 4B,
left panels). This localization pattern became even more DAPI
evident when normal IgG was used to detect Dbp5p—
PA (Figure 4B, center panels) and anti-HA monoclonal
c

antibody was used to detect the overproduced Dbp5p-HA
(Figure 4B, right panels). Control experiments using
preimmune serum, anti-HA antibody and normal IgG to
stain the wild-type strain yielded no signal (data not
shown). Confocal images of the cells sectioned through
the equatorial plane (Figure 4C) consistently demonstrated
that the nucleoplasmic region was largely free from
staining and that the nuclear rim staining was continuous
with a non-uniform cytoplasmic staining. To further con-

firm the cytoplasmic localization of Dbp5p, we prepared B i kD i

cytosolic and nuclear fractions. Dbp5p and Ded1p (Chuang o B . SN SRR N
et al,, 1997), a cytoplasmic translation factor, were found . 68—
exclusively in the cytosolic fraction, whereas Noplp 68— == =m i ~ -
(Schimmanggt al., 1989), a nucleolar protein, was detected 28— B

only in the nuclear fraction (Figure 4D). anti-Ded1p anti-Nop1p anti-DbpSp

Inhibition of pol Il transcription causes the relocation Fig. 4. Cytosolic localization of Dbp5p.A) Immunoblot analysis of
of the shuttling Dﬂ?tems such as hnRNP Al, A2 and E to crude extracts from the wild-type strain (lane 1), DBP5—PAstrain
the cytoplasm (Michaekt al, 1995b), and at the non-  (lanes 2 and 3) or from thBBP5-HAstrain (lanes 4 and 5).
permissive temperature, the mutant forms of Prp20p arelmmunoblots were de\(eloped with anti—Dbp_Sp polyclonal antiserum,
mis-localzed o the cyloplasm (Amberg al, 1993). a1l ih povcons by e o s e )
We therefore tested the possibility that DbpSp may, be peroxidase con’jugate (Bio-Rad) at 1:5000 dilution and
relocalized to the nucleus or other subcellular locations chemiluminescent detection (ECL system, Amersham). DB@5-HA
under similar conditions. The cytoplasmic localization of gene fusion was driven by the yeast glyceraldehyde-3-phosphate
Dbp5p remained unchanged when RNA transcription was dehgldfogen"tlse (Gf)D) F;Offz?tereeg) a}nd V\_lgs c'\jllrrlledtor; elaherd

) : ; ; centromeric (lane 4) or pm (lane 5) plasmids. Mol. wt standards are

ShUI dc_>wn_byrpb1 1 mutation °.r b.y premCUbatmg Ce.”S indicated on the left.B) IFM of the wild-type (WT),DBP5-PAor
with thiolutin for 1 h at thepermissive temperatuyt_a prior DBP5-HAexpressing cells. Cells were stained with either the
to temperature shift (data not shown). In addition, the anti-Dbp5p antiserum (WT), purified normal rabbit IgBEP5-PA or
mutant forms of Dbp5p indbp5-1 and dbp5-2 strains anti-HA antibody DBP5-HA) at 1:200 dilution and then with
persisted in the cytoplasm after incubating the cells at fv%ﬁ'ggzg‘sggsg ggghgg?gg%%;‘t) ;’;’iggégﬁo(\éﬂu&s‘iﬂlgg;?% "

o N .
37°C for 1 h Taken together’ these data, suggest tha'[1:50 dilution. Staining of the same cells by, #-diamino-2-
Dbp5p funC_Uons predomlnantly at sites which are close phenylindole (DAPI) is also shownCj Detection of Dbp5p by
to, but not tightly associated with, the nuclear envelope. confocal IFM in wild-type cells. Single cells sectioned through the

The localization of Dbp5p in the cytoplasm raises the equatorial plane are showrD) Subcellular fractionation of Dbp5p in
question of whether it may also play a role in protein a wild-type diploid strain. Total cellular extract (T) was separated into
. : N cytosolic (C) and nuclear (N) fractions and analyzed by
import. We ther?fore e).(ammed the localization pattern of jmmunoblotting. Antisera against Ded1p, a cytosolic translation factor,
a reporter protein consisting of an NLS from Mtr4p fused and Nop1p, a nucleolar protein, were used as controls to monitor the
to the N-terminus oE.coli B-galactosidase (Liangt al, effectiveness of the fractionation procedure.
1996). The newly synthesized reporter protein was found
to localize exclusively in the nucleus abp5-2 mutant that some proteins continue to enter the nucleus upon
after shifting cultures to 37°C for 90 min (Figure 5). In  Dbp5p’s inactivation, the rapid cessation of mMRNA export
addition, we observed that there was no cytoplasmic in dbp5cells at 37°C may have made it difficult for us to
accumulation of Noplp idbp5mutants after 3 h at 37°C  detect the reporter protein accumulated at a low level in
(data not shown). Although these data appear to suggesthe cytoplasm (see also Discussion).

2655



S.S.-l Tseng et al.

Nomarski

IFM A
‘ﬂ
2 1 2 3 4 5 6 7 B8 9 10 1
E » e DS — . ..-. .
F
-
ss— . e
g B
: 1 2 345 6 78
-. —~ @ e ee
ss — . - -
[}
SDS-PAGE

]
(His)s-Dbp5p— B

DAPI

GAL-lac Z

GAL-NLS-lac Z
WT

GAL-NLS-lac Z
dbp5-2

Fig. 5. Import of reporter proteins in wild-type ardbp5-2cells. Two
reporter proteins, one consisting of an NLS derived from Mtr4p fused i
to B-galactosidaseGAL-NLSHacZ) and the other lacks of the NLS 10_LL12_t_ld_li= 16 IZ 5 19 20 21 22 23 24 25 .56 2%
(GAL-acZ), were used in these experiments. Both reporter genes were

driven by the yeasGALlOp(omoter_ GAL).‘WiId—lype_(\_NT) an_d aDP— & 0 . m .

dbp5-2strains were grown initially in medium containing raffinose to

an ODypg of 0.7. The harvested cells were resuspended in medium
containing galactose and incubated at 25°C for 90 min to overproduce

the reporter proteins. To inactivate the function of Dbp5p, cells were
then incubated at 37°C for additional 90 min prior to processing for ) . .
immunolocalization experiments with arigalactosidase antibody. ATP= !

Normarski, cells viewed by Normarski optics; IFM, cells viewed using
a Texas Red filter; DAPI, cells viewed using a DAPI filter.

ATPase activity
RNA-dependent ATPase and ATP-dependent RNA Fig. 6. Enzymatic assays of Dbp5pA] RNA unwinding activity of
unwinding activities of Dbp5p immunoprecipitated Dbp5p—PA. Increasing amounts of the cytosolic

. o R fractions isolated from &BP5-PAdiploid strain were incubated with
Several DEAD-box proteins exhibit RNA unwmdlng IgG-Sepharose (lanes 7-10) and immunoprecipitates were assayed for

aCtiVitieS. in vitro .(F.U”er'Pace, 1994?- To evaluate the RNA unwinding activity at 37°C using an RNA substrate containing
RNA helicase activity of Dbp5p, we incubated the cyto- both 5 and 3 single-stranded overhangs flanking a 10 bp alternating
solic fraction prepared from th®BP5—PA strain with G—C duplex (Rozemt al, 1990). Cytosolic fractions from an isogenic

_ i Wild-type strain (lane 4) or from thBBP5—PAstrain but omitting ATP
IgG—Sepharose and assayed for the RNA unwinding (lane 5) or M@ (lane 6) in the unwinding assay were used as

aCtiVity direCtly on the IgG—Sepharose beads. AImOSt controls. Neither IlgG—Sepharose (lane 3) nor Protein A—Sepharose
100% of the RNA substrate could be unwound in a (lane 11) alone can unwind the RNA duplex. Double-stranded RNA
dose-dependent manner when increasing amounts of thesubstrate (DS) (lane 1) can be denatured into the single-stranded form
cytosolic fraction were used for immunoprecipitation (SS) by boiling (lane 2).) Inactivation of the RNA unwinding

. A activity of the immunoprecipitated Dbp5-2p—PA. Cytosolic fractions
(F|gure 6A, lanes 7_9)' The observed RNA unwmdlng isolated from wild-typeDBP5 (lanes 3 and 6)DBP5-PA(lanes 4 and

aCt_iVity reqUire.d bOth ATP (lane 5) and Mg (Ic_';me 6). 7) anddbp5-2—PAdiploid strains (lanes 5 and 8) were assayed for
This RNA unwinding activity was probably derived from  19G-Sepharose-precipitated RNA unwinding activity. Reactions were
the Dbp5p moiety of the immunoprecipitated Dbp5p—PA, carried out either at 30°C without preincubation (lanes 3-5) or at 37°C

_ ; : ith preincubation at 37°C for 15 min. Double-stranded RNA
as 1gG Sepharose beads incubated with extracts preparegubstrate (lane 1). Heat-denatured ssRNA (laneQ@) Irftrinsic RNA-

from the WiId-type strain (lane 4)' IgG—Sepharose beads dependent ATPase activity of Dbp5p. Recombinant Dbp5p with a six-

alone (lane 3) or PA-Sepharose beads alone (lane 1listidine tag [(Hisy-Dbp5p] was purified to homogeneity by

yielded no detectable RNA unwinding activity. In addition, ammonium sulfate fractionation, DEAE-Sepharose chromatography,

using extracts prepared from dbp5-2—PAtemperature- immobilized metal affinity chromatography (ProBond, Invitrogen) and
9 prep P P -gel filtration on a Superdex 200 column. Fractions 10-27 from the

sensitive strain, we showed that the IgG—Sepharose-assouﬁnal gel filtration column were analyzed by SDS—-PAGE (top) and

ated RNA unwinding activity was aCti\_/e at 30°C (Figure assayed for ATP hydrolysis in the presence of poly(l) (bottom). ADP
6B, lane 5), but could be completely inactivated by pre- was separated from ATP by thin-layer chromatography (TLC) on PEI-

incubating the reaction at 37°C for 15 min (lane 8). Thus, cellulose.

the observed RNA unwinding activity is derived from

Dbp5p, rather than from other factors co-precipitated with requires elF4B as a cofactor for RNA unwinding (Rozen
Dbp5p. When tested under the same conditions, theet al, 1990). The purified (Hig)Dbp5p had an RNA-
purified recombinant Dbp5p [(HigDbp5p] (Figure 6C, dependent ATPase activity (Figure 6B, bottom), which
top) exhibited no RNA unwinding activity, suggesting a could be activated by poly(U), poly(A), poly(l), poly(C),
scenario analogous to that of the mammalian elF4A, which poly(G) and tRNA, but not by poly(dT) or plasmid
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DNA (data not shown). Under the same conditions, only box protein geneDBP5, cause a dramatic and rapid block
negligible amounts of GTP, CTP and UTP hydrolysis of poly(A)™ RNA export. Most strikingly, we show that

could be detected (data not shown). Dbp5p is not localized to the nucleoplasm, but rather is
concentrated in the cytoplasm with significant enrichment
Evolutionary conservation of Dbp5p surrounding the nuclear envelope. What would be the role

We searched the DDBJ/EMBL/GenBank database for of Dbp5p in mRNA export, considering its characteristic
potential Dbp5p homologues and identified three candidatesSRNA unwinding activityin vitro? It is possible that Dbp5p

in Schizosaccharomyces pomf@cession No. Q09747; is required for ‘unpackaging’ the mRNP cargo. Upon
60.3% sequence identity)Dictyostelium discoideum regulation by appropriate cytosolic factors, Dbp5p may
(accession No. AF00267HelC, 47.2% sequence identity)  alter the secondary or tertiary structure of exported mRNAs
and mouse (accession No. L25125; 48.4% sequenceand, therefore, affect their association with specific pro-

identity) (Figure 7A). Interestingly, disruption of theIC teins. Such events may release the mRNP cargo, in a
gene has been shown to lead to developmental asynchronyscenario akin to the role of importifd in mediating the
failure to differentiate and aberrant morphogenedi. dis- release of the exported snRNAs (@ch et al, 1996).

coideum(L.M.Machesky, personal communication). The Thus, when it cannot function, critical proteins that norm-
likelihood that Dbp5p is evolutionarily conserved was fur- ally return to the nucleus for recruiting or packaging
ther examined using the anti-Dbp5p polyclonal antibody export cargo can no longer do so, resulting in a rapid
to survey protein extracts prepared frofenopus laevis  accumulation of poly(A} RNA in the nucleus. Altern-
oocytes,Drosophila melanogasteearly embryos, HeLa  atively, if unpackaging does not occur, mRNA carriers
cells and three other cell lines. Except for the human Jurkat associated with mRNA may still return to the nucleus but
cell line, the antibody reacted strongly with a single protein may be unable to accept additional mRNA. Consistent
in each case (Figure 7B), suggesting that the functions of with this latter possibility, at least one putative mRNA
Dbp5p may be conserved among higher eukaryotes. carrier, Mtr13p/Npl3p appears to continue to cycle between
the nucleus and cytoplasm in thdbp5 mutants (A.M.
Tartakoff, unpublished).

Studies of the export of the BR granules @ientans
During or immediately after transcription, nascent pre- by electron microscopy suggests that protein synthesis
MRNA transcripts are rapidly packaged into RNPs, which may be initiated immediately upon translocation of the
are likely to be the bona fide substrates for export. A mRNA into the cytoplasm, since ribosomes can be seen
number of observations have led to the suggestion thatattached to the leading end of the RNP fibril (reviewed
RNA-binding proteins play a key role in mMRNA export. in Daneholt, 1997). The fact that Dbp5p is concentrated
For example, it has been reported that the shuttling of around the nuclear envelope raises an interesting possi-
some hnRNP proteins can be arrested by inhibition of pol bility that it may play a role in coupling mRNA export
Il transcription (Michaekt al., 1995b), that an M9 domain  to translation. It seems unlikely that Dbp5p is directly
in hnRNP Al protein is responsible for its rapid export involved in translation, since we have shown that protein
and import (Michaelet al, 1995a) and that an hnRNP- synthesis in bothdbp5-1 and dbp5-2 mutants remains
like protein was found to escort the Balbiani ring (BR) active for some time after inactivating the activity of
granules, the giant-size pre-mRNPs found in the salivary Dbp5pin vivo (Figure 2), and thain vitro depletion of
glands of Chironomus tentansfrom the nucleus to the  Dbp5p does not impact on the programmed cell-free
cytoplasm (Visaet al., 1996). A general model for mRNA  protein synthesis (data not shown). Thus, it is more likely
export can therefore be advanced as follows (see alsothat Dbp5p may assist in remodeling or altering the
Ullman et al,, 1997): after binding of specific proteins to conformation of the packaged mRNP, which can then be
MRNA, the export process is initiated by the binding of committed to translation. In this way, the function of
the ‘exportins’, or the NES receptors, to NESs present in Dbp5p is similar to the chromatin-remodeling complexes,
the protein moiety of the mRNP complex. The exportins SWI/SNF (Peterson and Tamkun, 1995) and RSC (Cairns
in turn mediate the interaction of the mRNP cargo with et al, 1996), both of which exhibit DNA-dependent
NPC, through which the mRNP cargo translocates, with ATPase activity, and to three of the yeast DEAH-box
the participation of RanGTPase, to the cytoplasm. Upon proteins, Prp2p (Kinet al, 1992), Prp16p (Schwer and
their arrival in the cytoplasm, the mRNP cargo is then Guthrie, 1992) and Prp22p (Compaetyal.,, 1991), which
released from exportins and most of the RNA-binding have been shown to alter the spliceosome conformation
proteins are recycled back to the nucleus for a new round during splicing reaction (reviewed in Staley and Guthrie,
of export. If this itinerary is relatively uniform for most  1998).

MRNAs, proteins which are capable of altering or normal- We also noted that a substantial amount of Dbp5p
izing the structure of the mRNAs or mRNPs would be is distributed in a non-uniform manner throughout the

expected to play a role in the export process as well. cytoplasm. This ‘patch-like’ distribution is somewhat

These may include nuclear proteins which package the reminiscent of the nuclear distribution pattern of mRNA

MRNA into mRNP and facilitate their interactions with  splicing factors, such as the SR protein SC35, which is
exportins, NPC proteins which influence the RNA—protein localized in a network of large nuclear objects known as
interactions (Teixeirat al., 1997), and cytosolic proteins  ‘speckles’. Speckles are thought to be the storage or
which mediate the release or displacement of the mRNP assembly sites containing the highest concentration of
cargo, thereby facilitating the recycling of RNA-binding splicing factors (reviewed in Singer and Green, 1997).
proteins. Thus, it is tempting to speculate that there may be different

In this work, we show that mutations in a novel DEAD- populations of Dbp5p existing in the cytoplasm, one of

Discussion
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Fig. 7. (A) Sequence alignment of Dbp5p homologues. Protein
sequences of Dbp5Berevisia@ homologues found irspombe Mus
musculusand D.discoideunmwere aligned using the PILEUP program

in the GCG package and further adjusted by importing into the
BOXSHADE server (http://ulrec3.unil.ch/software/BOX_form.html) for
graphic presentation. Conserved sequence motifs (denoted by roman
numerals) are indicated. Black boxes, sequence identities; gray boxes,
sequence similaritiesBj Evolutionary conservation of Dbp5p.

Cellular extracts prepared from various organisms were analyzed by
immunoblotting. The immunoblot was developed with anti-Dbp5p
polyclonal antiserum at 1:5000 dilution and Protein G—horseradish
peroxidase conjugate (Bio-Rad) at 1:5000 dilution, followed by
chemiluminescent detection of potential Dbp&xérevisiag
homologuesXenopusstage VI oocytes fronX.laevis Drosophilg

early (1 h) embryos fronb.melanogasterA-431, epidermoid

carcinoma cell line (human); Jurkat, acute T-cell leukemia cell line
(human); PC-12, adrenal pheochromocytoma cell line (rat). Mol. wt
standards are indicated on the left.

which is concentrated in the patch-like areas and the otherthe patch-like areas may contain a subpopulation of Dbp5p
is enriched around the nuclear envelope. The patch-like that has accompanied the exported mMRNAs to their sites
areas may represent the storage sites for Dbp5p, fromof translation. The yeast Publp, an RNA-binding protein
which Dbp5p molecules are recruited to the nuclear in the nucleus and the cytoplasm, was found to localize

periphery for participating in mRNA export. In this regard,

in a markedly discontinuous pattern in the cytoplasm.

it is interesting to note that Dbp5p is a remarkably Interestingly, Publp is thought to be stably bound to a
abundant protein constituting almost 0.1% of the total translationally inactive subpopulation of mRNAs within
cellular protein in the yeast cell (S.S.-1 Tseng and T.-H. the cytoplasm (Andersoet al., 1993).

Chang, unpublished), as are the highly abundant mamma-

It has long been proposed that the energy requirement

lian splicing factors, such as SR proteins. Alternatively, for mRNA export is derived from GTP hydrolysis by Ran
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(reviewed in Koepp and Silver, 1996) We find that the AVtrpl-Al, his3-A200his3A200, leu2Al/leu2Al; Sikorski and Hieter,

purified recombinant Dbp5p exhibits a characteristic RNA-

dependent ATPase activity, similar to all characterized

1989). Yeast genomic DNAs isolated from the Hisansformants were
used to screen by Southern analysis for transformants in which one of
the two DBP5 genes was replaced by thép5::HIS3allele. The probe

DEAD-box proteins. When assayed under the same condi-used was ast DNA fragment isolated from pCA500. The resulting

tion, Dbp5p hydrolyzes only a negligible amount of GTP.

heterozygous strain, YTC150, bears the following genotyATa/a,

Thus, our data suggest that ATP hydrolysis by Dbp5p dbp5::HIS3DBPS5, ura3-52ura3-52 lys2-801lys2-801 ade2-101ade2-

may be used as an energy source to modulate the RNA

or RNP structure during mRNA export. The finding that
the immunoprecipitated Dbp5p—PA, but not the purified
recombinant Dbp5p, can unwind RNA dupléx vitro

raises the possibility that other cofactors may be required

to regulate or activate Dbp5p’s RNA unwinding activity
in vivo. This is consistent with our observation that Dbp5p

is part of a large complex (S.S.-lI Tseng and T.-H.Chang,

101, trpl-Altrpl-Al, his3A200his3A200, leu2-Alleu2Al. Trans-
formation of strain YTC150 with pCA500DBPYCENURASJ yielded
strain YTC151. Subsequent sporulation of strain YTC151 allowed us to
isolate strain YTC152NIATa, ura3-52 lys2-801 ade2-101 trpl-Al,
his34A200, leu2-A1, dbp5::HIS3 (pCA5005)].

Screening conditional mutants

A 1.6 kb DNA fragment was PCR-amplified using primers DBP5-3
(ccaccttggatccgaatgaBant| site, underlined) and DBP5-5 (ccttttgtatac-
gagctctttactgt;Sad site, underlined) on pCA5001 template. Primer

unpublished). It remains to be established whether the DBP5-3 is complementary to sequence adjacent to the initiation codon

RNA unwinding activity we observed is truly required for
MRNA export. To this end, we are in the process of
isolating dbp5 mutants which can uncouple the ATPase
activity from that of the RNA unwinding activity.

The majority of the proteins found to be involved in
MRNA export are localized either in the nucleus orin NPC.

of DBP5, and primer DBP5-5 is complementary to a region ~200 bp
downstream from the stop codon. Mutagenic conditions developed by
Cadwell and Joyce (1992) were used for PCR amplification. The PCR
product was digested witAvrll and Sad. The resulting 1.2 kbAvrll—-

Sad fragment, covering all the conserved motifs, was then used to
replace a corresponding fragment in pCA50Z2BPYCENLEU2).
Approximately 6000 bacterial transformants were pooled for preparing
a mutant DNA library to transform into yeast strain YTC152 (see above).

There are, however, several proteins that are primarily in selection for pCA50054RA3, which carries the wild-typ®BP5gene,
the cytosol. These include the GTPase-activating protein was omitted, allowing this plasmid to be lost freely. Transformants were
(GAP), such as the yeast Rnalp, which maintains cytosolic replica-plated onto three 5-FOA plates which were then incubated at 30,

Ran in the GDP-bound state (Koeppal., 1996); Mtr7p/

37 and 16°C, respectively (Sikorski and Boeke, 1991). Conditional
mutants were picked and colony-purified on 5-FOA plates. Two tight

Acclp, an acetyl CoA carboxylase required for stable Ts mutants,dbp5-1and dbp5-2 were isolated after screening ~3000
integration of the NPC into the nuclear envelope (Schneiter colonies. To confirm the linkages between the Bhenotypes and the

et al., 1996); Mtr10p, a protein distantly related to importin
B which is required for the nuclear localization of Mtr13p/
NplI3p (Pembertoret al, 1997; A.M. Tartakoff, unpub-

lished); and the yeast elF5A homologue, Hyp2p, which

has been implicated in the export of HIV-1 Rev protein
(Bevecet al., 1996). Our discovery that a cytosolic RNA
helicase, Dbp5p, is essential for mMRNA export not only

dbps alleles, the mutagenized plasmids were recovered anditipé
mutant alleles were recloned and reintroduced into YTC152 for another
round of 5-FOA counterselection. Mutations in ttilep5 mutant alleles
were determined by DNA sequencing.

Purification of (His)g-Dbp5p and production of anti-Dbp5p
antibody

A 1.4 kb BarHI (introduced by DBP5-3 primerHindlll fragment
containing theDBP5 coding region was cloned into pRSET-C to create

emphasizes the importance of various RNA helicases, pcas012 for transformation into bacterial strain BL21 (DE3). Cells

including the nuclear Mtr4p (Liangt al., 1996) and RNA
helicase A (Tanget al, 1997), in the export process, but

also underscores our limited understanding of the cytosolic
events occurring subsequent to mRNA export yet preced-

ing translation initiation.

Materials and methods

Cloning and sequencing of DBP5

A YCp50 genomic library was screened by bacterial colony hybridization
for DBP5-containing clones using &2P-labeled DNA probeCA56
(Changet al., 1990). Potential positives were re-screened twice prior to
restriction analysis and Southern analysis using the SaA®&6 probe.

On the basis of the Southern results, a 3.%kid—Xba fragment thought

to encompass the entiBP5 gene was subcloned into pBluescript KS

were grown to 0.5 unit at Ofgg prior to the addition of IPTG to 0.1 mM

for 3 h at 37°C. Cells from 7.5 | culture were harvested, washed once
with 50 mM Tris—HCI (pH 7.5) and stored at —75°C. Cells were thawed
on ice, resuspended in 30 ml of lysis buffer [40 mM HEPES-NaOH
(pH 7.5), 200 mM NaCl, 1 mM EDTA, 10% glycerol, one proteinase
inhibitor tablet (Boehringer Mannheim) per 50 ml buffer], and treated
with lysozyme (10Qug/ml) on ice for 15 min. Three cycles of sonication/
freeze—thaw, each consisting of three 10 s sonication bursts at a medium
intensity setting, flash freezing in liquid nitrogen and rapid thawing in
a 37°C water bath, were employed to lyse the cells. The crude lysate
was cleared by centrifugation at 12 000 r.p.m. in an SS34 rotor (Sorvall)
for 10 min. Nucleic acids in the supernatant were removed by addition
of polyethylenimine to 0.2% with constant stirring in the cold room for
30 min, followed by centrifugation at 18 000 r.p.m. (SS34) for 30 min
at 4°C. Proteins in the cleared lysate were then precipitated by)gSBy

at 60% saturation and collected by centrifugation at 18 000 r.p.m. for
1 h. The protein pellet was resuspended in buffer A [40 mM HEPES-

(-) vectors (Stratagene) in both orientations to yield pCA5001 and NaOH (pH 7.5), 50 mM NaCl, 1 mM EDTA, 10% glycerol and proteinase
pCA5002. Two sets of nested deletion clones, one from each orientation, inhibitors], dialyzed against two changes of buffer A in the cold room

were constructed using an Exolll/Mung Bean Deletion Kit from

overnight, and applied onto a 50 ml DEAE-Sepharose (Pharmacia)

Stratagene. Single-strandec_i DNA (ssD_NA) te_mpl_ates from these clones column. The flow-through fraction was then loaded onto a 30 ml
were then sequenced by dideoxy chain termination method. A total of ProBond (Invitrogen) column, washed with 10 bed volumes of buffer

3972 nucleotides was determined.

Construction of yeast strains

DBPS5 carried on aBanHI-Notl (both were from polylinker) fragment
from pCA5001 was recloned into pBluescript KS( vector to yield
pCA5013 for constructing thelbp5::HIS3 allele. An internal 1.2 kb
EcoRI-EcaRV fragment from theDBP5 coding region was replaced
with a 1.7 kb EcoRI-Ecl136ll fragment containingHIS3 to yield
pCA5014. To replace the chromosonP5by homologous recombin-
ation, a 4.5 kbSad—Apd fragment containing thalbp5::HIS3 allele
from pCA5014 was transformed into tis3™ diploid strain, YPH274
(MAT&/a, ura3-52ura3-52 lys2-801lys2-801 ade2-101ade2-101trp1-

A, and the bound (Hig)Dbp5p was eluted by a linear imidazole gradient
(10-300 mM). (Hisy-Dbp5p that eluted at 150 mM imidazole was
collected and dialyzed against buffer A and further purified by gel
filtration on a Superdex 200 column using a Pharmacia SMART system.
Purified (Hisy-Dbp5p was used to raise rabbit polyclonal antibody and
for subsequent enzymatic assays.

Detection of Dbp5p, Dbp5p-HA and Dbp5p-PA by

immunoblots

A nine amino acid HA epitope was fused to the C-terminus of
Dbp5p by PCR using primers DBP5-3 and DBP5-4 [acacaagatctcta-
(agcgtaatctggaacatcgtatgggtaatc)-ctttaacactttddgill; site, underlined;
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HA epitope, in parentheses]. Thésequence of DBP5-4 is complement- 5% glycerol, 150 mM KCI, 40 U RNasin, 10g tRNA and 50 fmole
ary to the last 17 nucleotides of tH#BP5 coding sequence. A 1.4 kb 32p_|abeled dsRNA substrate. Opkof stop buffer (10 mg/ml proteinase
DNA fragment amplified from pCA5001 using Expand High Fidelity K, 10% SDS) was then added to 10 supernatant to terminate the
polymerase mix (Boehringer Mannheim) was digested BigimH| and reaction by incubating at 37°C for 20 min. Reactions were analyzed by
Bglll and cloned into expression vectors pRS315-pG1 and pRS425-pG1 10% native polyacrylamide gel (19:1) electrophoresis. Inactivation of
(Chuanget al, 1997; Weaveret al, 1997) to yield pCA5018 and the RNA unwinding activity of Dbp5-2p—PA was achieved by preincubat-
pCA5020. To construct thBBP5—PAclone, anAatll site was introduced ing the reaction without ATP and dsRNA substrate at 37°C for 15 min
immediately upstream of the stop codon by PCR using primers DBP5- followed by the addition of ATP and dsRNA and incubation at 37°C for
1 (tacttaccaccttagaaagctttgagtgatacaaagag) and DBP5-6 (attatgtactga20 min.
attctagacgtcatcctttaacadatl site, underlined). The PCR product was
digested into a 1.3 kiwvrll-EcoRl DNA fragment, which was used to ATPase assay
replace a corresponding fragment in pCA5013 (see above) to yield A 10 pl reaction containing the purified (HigPbp5p in 40 mM HEPES—
pCA5023. A 651 bpAatll DNA fragment (Chuanggt al,, 1997) encoding NaOH (pH 7.5), 5 mM MgCJ, 1 mM DTT, 100 mM NacCl, 0.1 mg/ml
the Protein A moiety was then inserted into thetil in pCA5023 to yield poly(l), 1 mg/ml BSA, 10uM cold ATP and 0.1ul [a-32P]ATP (specific
pCA5032. Strain YTC152 was transformed with pCA5018, pCA5020 and activity = 3000 Ci/mmol) was assembled. After incubatiom foh at
pCA5032. Transformants were streaked on 5-FOA plates to yield strains 30°C, reactions were terminated by addingl4f stop buffer (1 mg/ml
YTC159, YTC160 and YTCA433, respectively. proteinase K, 1% SDS, 0.1 M EDTA) and incubated for 20 min at 37°C.
To detect the Dbp5p-HA and Dbp5p—PA by immunoblotting, yeast For TLC analysis, 2ul of the reaction mixture was spotted on a PEI-
strains were grown in 100 ml of YPD medium to 1 unit at P Cells cellulose plate and developed by 0.6 M potassium phosphate (pH 3.4).
were harvested and broken with glass beads in lysis buffer (50 mM
Tris—Cl pH 7.5, 1 mM DTT, 1 mM EDTA, 1 mM PMSF). 100g of Measurement of mRNA turnover
total yeast proteins were separated on a sodium dodecyl sulfate—YTC152 was crossed to yRP69BIATa, rpbl-1, ura3, leu2 obtained
10% polyacrylamide gel (10% SDS-PAGE) and then transferred to a from C.Decker) for isolating a haploid segregaMATa dbp5::HIS3
nitrocellulose membrane by electroblotting. Immunoblots were developed rpbl-1, ura3, leu2, pCA5005), which was transformed with plasmids
with either anti-Dbp5p polyclonal antiserum or normal rabbit serum harboring thedbp5-1and dbp5-2alleles. Counterselection of pCA5005
(normal I1gG) at 1:5000 dilution, or anti-HA polyclonal antibody by 5-FOA yieldedrpbl-1.dbp5-1and rpbl-1dbp5-2 double mutants.
(BAbCO) at 1:5000 dilution, followed by the addition of Protein G- Cells were grown in YPD to 0.6 unit at Qg shifted to 37°C for 0.5,
horseradish peroxidase (HRP) conjugate (Bio-Rad) at 1:5000 dilution 1, 2 and 3 h, respectively, prior to extraction of total RNAs for Northern

and chemiluminescent detection (ECL system, Amersham). blotting using probes hybridized to t#CT1, CRY1 CUPL, CYH2and
PGK?1 transcripts. For thiolutin method, |3g/ml of thiolutin was added
Microscopy to cell cultures at an Ofyg of 0.6 unit and incubated for 1 h prior to

Haploiddbp5strains were used in FISH analysis as described (Kadowaki shifting to 37°C for 15, 30, 45 and 60 min.

et al, 1992). IFM was carried out as described (Chuab@l, 1997;

Weaveret al., 1997) using strains YPH274 (Sikorski and Hieter, 1989) Protein synthesis in dbp5 mutants

and YTC433 DBP5-PA see above) for staining with anti-Dbp5p  Wild-type, ded1-199dbp5-1landdbp5-2strains were grown to an Qigy
polyclonal antiserum and with purified normal rabbit 1gG, respectively. of 0.5 unit in YPD. Eight units of cells at Ofgp, were harvested,
Detection of Dbp5p-HA was done in the haploid background using resuspended in 1 ml of fresh YPD and incubated at either 18e@1(-
monoclonal anti-HA antibody (BAbCO). The detection of the wild-type 199 or 37°C @bp5-1anddbp5-2 for 15 or 30 min prior to the addition
Dbp5p in YPH274 was also carried out using a Bio-Rad confocal of 20 uCi of L-[3®*S]methionine 1000 Ci/mmol; NEN). After 1 h
microscopy system (MRC-600), in which the laser beam was set to incubation at the non-permissive temperatures, cells were collected at
serially section cells in a depth of 1.28n. For thin-section electron room temperature and washed once in 1 ml Buffer | [50 mM HEPES
microscopy, haploiddbp5-1 mutant cells were fixed by addition of (pH 7.5), 5 mM EDTA, 150 mM NacCl, 1% Triton X-100 and @/ml
formaldehyde and glutaraldehyde (final concentrations 2 and 0.5%, cycloheximide] in a microfuge tube. The washed cell pellet was
respectively) to the culture medium, followed by sedimentation, con- resuspended in 200l Buffer | and ~500ul of glass beads were added.
tinued aldehyde fixation, spheroplasting and osmication. After embedding Cells were broken by vortexing for 12 cycles, each consisting of 30 s
in Polybed 812, thin sections were stained with lead citrate and uranyl of vortexing and 1 min of cooling on ice, in the cold room. Cell debris
acetate and examined in a Jeol CX100 electron microscope. Proteinwas clarified by two low-speed centrifugations at 3000 r.p.m. for 2 min

import assay was carried out as described (Goetchl,, 1995) using each in an SS34 rotor. Protein concentration in the supernatant was then

wild-type anddbp5-2strains carrying éacZ reporter construct described determined by Bradford assay. A total of 1R@ of total proteins of

in Liang et al. (1996). each sample were fractionated by 10% SDS—PAGE. After electrophoresis,
the gel was fixed in 50% methanol-10% acetic acid for 30 min, soaked

Subcellular fractionation of Dbp5p in 1 M salicylic acid for 1 h, vacuum dried and exposed directly to the

Diploid strain YPH274 was grown in 500 ml of YPD (1% yeast extract, X-ray film. Experiments testing the requirement of Dbp5p for translation

2% peptone, 2% dextrose) at 30°C to an dgbof 0.7. Cells were in vitro were carried out as described (Chuagiaal.,, 1997) using anti-

harvested and spheroplasted with zymolyase 100T (Seikagaku America), Dbp5p polyclonal antibody for immunodepletion followed by examining
and regenerated in 500 ml of YPD supplemented with 1 M sorbitol at the translational activities of the depleted extracts by luciferase assay.
30°C for 1 h. The regenerated spheroplasts were broken by 12 strokes
of douncing in a glass dounce homogenizer (Kontes) and fractionated Determination of poly(A) tail length
exactly as described (Wise, 1991). For immunoblot analysis, equal The preparation of poly(&) RNAs from the wild-type,dbp5-1 and
volumes of the nuclear and cytosolic fractions were separated by 10% dbp5-2 cultures shifted to 37°C for 30 min, their labeling b3?®]Cp
SDS-PAGE. Monoclonal anti-Noplp antiserum was from J.Aris and and the analysis of the poly(A) tail length by RNase A digestion, were
used at 1:5000 dilution. Polyclonal anti-Ded1p and anti-Dbp5p antisera done as described by Sachs and Davis (1989).
were also used at 1:5000 dilution.

Detection of potential Dbp5p homologs by immunoblots
RNA unwinding assay Xenopusoocyte extract was prepared by mixing oocytes with 1.3
5-20 pl of cytosolic fraction (protein concentration, 3 mg/ml) was volumes of homogenization buffer [40 mM Tris—HCI (pH. 7.5), 10 mM
incubated with 20ul (bed volume) of IgG—Sepharose (Pharmacia) at MgCl,, 7% sucrose, 2 mM DTT, 1% Triton X-100, 1 mM PMSF,
4°C for 3 h. The mixture was extensively washed eight times with 1 ml 1 pg/ml leupeptin, 1ug/ml pepstatin, lug/ml aprotinin] in a dounce
of HMSN buffer [25 mM HEPES-NaOH (pH 7.5), 5 mM EDTA, 1 mM homogenizer followed by 12 strokes of douncing. After centrifuging at
DTT, 150 mM NacCl, 0.25 M sucrose, 0.05% NP-40, 1 mM PMSF, 5000 and at 13 000 r.p.m. for 10 and 30 min each in an SS34 rotor, the
1 pg/ml leupeptin, Jug/ml aprotinin, 1uM pepstatin] followed by three cytosolic fraction between the lipid layer and the pellet was recovered.
additional washes with 2 unwinding buffer [17 mM HEPES-NaOH Hela cells were grown to 90% confluence, harvested, washed once in
(pH 7.5), 1 mM MgC}, 2 mM DTT, 1 mM spermidine, 0.3% PEG8000]. = phosphate-buffered saline, resuspended in @3 RIPA [50 mM Tris—
Each wash consisted of 10 min rocking on a nutator at 4°C. Aul20 HCI (pH 7.5), 150 mM NaCl, 10 mM EDTA, 10 mM N&lPQ,, 10 mM
unwinding reaction was assembled and added to the washed beads andNaF, 0.5% deoxycholate, 0.1% SDS, 1% NP-40, 10% glycerol, 1 mM
incubated at 37°C for 20 min. A typical unwinding reaction (Rozen PMSF, 1ug/ml pepstatin, 1ug/ml leupeptin, 1pg/ml aprotinin] and
et al, 1990) contained X unwinding buffer, 1 mM ATP, 0.1 mM GTP, kept on ice for 5 min. After centrifugation in a microfuge at 13 000
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r.p.m. and 4°C for 10 min, the supernatant was then recovered. Protein  Xenopusoocytes in a stage-specific mannBroc. Natl Acad Sci

extract from Drosophila early embryos was a gift from E.Gottlieb. USA 91, 2056-2060.
Protein extracts from A-431, Jurkat and PC-12 cells were obtained Hirling,H., Scheffner,M., Restle,T. and Stahl,H. (1989) RNA helicase
from M.Coggeshall. For immunoblotting, ~1Q@y protein extract was activity associated with the human p68 protéiature 339, 562-564.

fractionated by 10% SDS—PAGE. The immuno-detection of Dbp5p Izaurralde,E. and Mattaj,l.W. (1995) RNA expo@ell, 81, 153-159.
homologues was performed using anti-Dbp5p polyclonal antibody lzaurralde,E., Lewis,J., Gamberi,C., Jarmolowski,A., McGuigan,C. and
(2:5000 dilution) and HRP-conjugated anti-rabbit 1IgG (from donkey; Mattaj,|.W. (1995) A nuclear cap binding protein complex mediating
Amersham) (1:5000 dilution). U snRNA export.Nature 376, 709-712.

Jarmolowski,A., Boelens,W.C., lzaurralde,E. and Mattaj,|.W. (1994)

Nuclear export of different classes of RNA is mediated by specific
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