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An enormous variety of primary and secondary mRNA structures are compatible with export from the
nucleus to the cytoplasm. Therefore, there seems to be a mechanism for RNA export which is independent of
sequence recognition. There nevertheless is likely to be some relatively uniform mechanism which allows
transcripts to be packaged as ribonucleoprotein particles, to gain access to the periphery of the nucleus and
ultimately to translocate across nuclear pores. To study these events, we and others have generated temper-
ature-sensitive recessive mRNA transport (mfr) mutants of Saccharomyces cerevisiae which accumulate
poly(A)* RNA in the nucleus at 37°C. Several of the corresponding genes have been cloned. Upon depletion of
one of these proteins, Mtrdp, conspicuous amounts of nuclear poly(A)* RNA accumulate in association with
the nucleolus. Corresponding dense material is also seen by electron microscopy. MTR4 is essential for growth
and encodes a novel nuclear protein with a size of ~120 kDa. Mtr4p shares characteristic motifs with
DEAD-box RNA helicases and associates with RNA. It therefore may well affect RNA conformation. It shows
extensive homology to a human predicted gene product and the yeast antiviral protein Ski2p. Critical residues
of Mtrdp, including the mtr4-1 point mutation, have been identified. Mtr4p may serve as a chaperone which

translocates or normalizes the structure of mRNAs in preparation for export.

The mechanism of export of mRNA from the nucleus to the
cytoplasm is remarkably accommodating in the sense that an
enormous variety of primary and secondary RNA structures
are compatible with export. The fact that neither the 5’ methyl
cap structure nor the 3’ poly(A) tail appears altogether essen-
tial for export (16) suggests that there is a mechanism in the
nucleus which allows for RNA recognition independent of the
sequence. It is likely that during or immediately after their
synthesis, transcripts are quickly packaged into ribonucleopro-
tein particles (RNP) which enable them to gain access to the
periphery of the nucleoplasm and interact specifically with
components of nuclear pores, through which they subsequently
translocate (14, 42). If this itinerary is relatively uniform for
most mRNAg, it is reasonable to postulate that there are fac-
tors which serve as RNA chaperones and/or normalize RNA
secondary structure. Single-stranded RNAs spontaneously ac-
quire an extensive secondary structure, which is subject to
proteins with annealing activity (p53 and heterogeneous nu-
clear RNP [hnRNP] A1 [24, 25]) and melting activity (helicases
[34]). Studies of the yeast Saccharomyces cerevisiae have iden-
tified several proteins which, when mutated, lead to nuclear
accumulation of poly(A)* RNA without inhibiting pre-mRNA
splicing. Apart from nucleoporins (8), these includes components
of a nucleocytoplasmic GTPase cycle [the Cnrl/2p (Gspl/2p)
GTPases, Mtrlp (Prp20p), and Rnalp (6, 35)], a cytoplasmic
protein (Mtr7p [34a]), the nucleolar protein Mtr3p (19), the nu-
clear proteins Mtr2p (19) and Ratlp (1), and the nuclear hnRNP-
like protein Mtr13p/Nablp/Npl3p/Nop3p (4, 31, 39).

In the present report we further investigate a yeast tempera-
ture-sensitive (ts) mir4-1 mutant, which accumulates poly(A)*
RNA in the nucleus after incubation at 37°C (18). The cloning of
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the corresponding gene identifies its product as a DEAD-box
putative RNA helicase.

MATERIALS AND METHODS

The yeast strains used in this study are described in Table 1. The original
mtr4-1 mutant was backcrossed once with BJ2698 and once with BJ3502 (17).
Both YSL401 and YSL402, derived from the second backcross, showed 2:2
cosegregation of ts growth and nuclear accumulation of poly(A)* RNA upon
incubation at 37°C. Yeast cells were grown either in complete medium (YPD or
YPGal) or in synthetic dropout (SD) medium. Diploid yeast cells were sporu-
lated in liquid YEPA and then transferred to liquid SPM medium, and yeast
transformations were carried out by a modified lithium acetate method (29, 33,
38). Double mutants involving mtr4-1 were constructed either by performing a
genetic cross between mtr4-1 and other single mutants (mrX) followed by tetrad
dissection or by a one-step integration of pIM(ts)Apro (Table 2) digested by
BamHI into the MTR4 locus of single m#r mutants other than m#r4-1. The latter
step resulted in both a nonfunctional and a ts version of MTR4 in a haploid mrX
background. None of the double mutants involving mtr4-1 grew at 37°C when
backcrossed to mtr4-1 or to mtrX.

The plasmids used in this study are listed in Table 2. The low-copy-number
plasmid pRM contains the full-length MTR4 gene. The nonreplicative plasmid
pIM was used to confirm the identity of MTR4 by integration. pRMts contains
the mtr4-1 ts mutation rescued onto the pRM plasmid by gap repair (see below).
Plasmid pFL435L was used to create an inducible conditional mutant by substi-
tuting a GALI0 promoter for the authentic MTR4 promoter in a haploid strain.
This plasmid was constructed in several steps: first, a 800-bp Clal-Asel fragment
containing the 5’ noncoding sequence of MTR4 was ligated adjacent to the end
of the TRPI marker in pFL35 (3); a 700-bp EcoRI-BamHI fragment containing
the GALI-GALI10 promoter was filled in with Klenow enzyme and inserted into
the Pvull site of the resulting plasmid so that the GAL10 promoter was adjacent
to the multicloning site of the plasmid. Finally, a PCR-amplified 3.7-kb fragment
containing the entire open reading frame (ORF) and the 3’ end of MTR4 was
inserted at the EcoRI site so that the ATG initiation codon of MTR4 was about
100 bp from the GALI0 promoter. pYSKI2 (44) and pYAORF2 were high-copy-
number plasmids used for overexpression of the yeast SKI2 gene or human ORF2
c¢DNA with an ADH promoter (Table 2). pYAORF2 was constructed by replacing
SKI12 in pYSKI2 with human cDNA.

Cloning. A YCp50-based genomic library (29) was introduced into mir4-1
(YSLA401), and plasmids were isolated from colonies which grew at 37°C on
plates with uracil-dropout medium. Each isolated plasmid was reintroduced
separately into the mutant, and the growth of transformants was verified at 37°C.
The complementing activity was localized by restriction mapping, serial deletion
mapping, transposon insertion mapping (2), and finally by ExoIII unidirectional
mapping. The complementing gene was demonstrated to map to the ts locus by
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TABLE 1. Yeast strains used in this study

Strain Genotype Source or reference
YSLA01(T188) MATa mtrd-1 ura3-52 lys2-801 ade2-101 his3-A200 pep4::HIS3 prbl-Al.6R GAL™ This study
YSLA02(T189) MATo mtrd-1 ura3-52 lys2-801 pep4::HIS3 prbI-Al.6R GAL™ This study
YSL2589¢ MATa/o ura3-52 lys2-801 ade2-101 his3-A200 leu2-A1 GAL™ This study

ura3-52 lys2-801 ade2-101 his3-A200 leu2-A1 GAL™

W303 MATo ura3-52 ade2-1 trpl-1 leu2-3,112 his3-11,15 GAL™ B. Futcher
YSL303 MATo TRP::GALI10-MTR4 ura3-52 ade2-1 trpI-1 leu2-3,112 his3-11,15 GAL™ This study
CRL 2101 MATa prp2-1 ade? his3 lys2-801 R.-J. Lin
prp5-3a MATa prp5-3 ade?2 ura3-52 his3 leu2-3,112 tyrl J. Abelson
prpl6-2a MATo prpl6-2 C. Guthrie
prp22:9-6¢ MATa prp22 ade2-101 his3J200 ura3-52 lys2-801 J. Abelson
prp28-1a MATo prp28-1 his4 trpl C. Guthrie
YAS165 MATa spb4-1 his3 leu2 trpl A. Sachs
YTK206 MATo ura3-52 leu2-A1 AMTR2::LEU2 [pTK204] 19

@ This strain results from a cross between YPH258 and YPH259 (38).

linearizing an integrative MTR4 URA3 plasmid (pIM) within the MTR4 coding
sequence and transforming it into a wild-type strain (W303; TS™ wra3). The
transformant was crossed to YSL401 (mtr4-1 ura3), and the resulting diploid was
sporulated. TS* and URA™ cosegregated in all eight complete tetrads. To
identify the mutation in mtr4-1, pRM was digested by Xbal-PfIMI, BspEI-BspEI,
PfIMI-BstEll, BstEIl-HindIll, and BamHI-HindIIl. The gapped plasmids were
gel purified and transformed into mtr4-1 (YSLA401). Transformants were grown
at 25°C on plates with uracil-dropout medium. Replicative plasmids were iso-
lated from these transformants and reintroduced into YSL401. The growth of
cach transformant at 25°C was compared with that at 37°C.

Disruption of MTR4. An internal Xbal-AatIl fragment of MTR4 was deleted
and replaced by a LEU2 marker, and the resulting plasmid, pDM, was linearized
by BamHI-HindIII digestion and introduced into the diploid strain YPH2589.
After selective growth on plates with leucine-dropout medium, disruption of the
MTR4 gene in the transformants was verified by Southern blotting. One trans-

formant was sporulated and tetrad dissected to verify the growth of spores at
25°C.

Plasmid constructions for structural studies of Mtrdp. A sequence overlap-
ping both the ATG codon and the Xbal site (residues 548 to 858) of MTR4 was
PCR amplified with pRMBg as the template. This fragment was fused to a
GALI10/CYCI promoter which had been subcloned separately into pRS316. The
promoter-containing fragment of MTR4 in pRM was replaced by fragments
containing the GALI10/CYCI-PCR to generate pGM400. pGM410 contains a
hemagglutinin (HA) tag at the BamHI site. pGM420 contains an HA tag at the
BgIII site. In-frame deletions were created by removing restriction fragments
from these plasmids (Table 2). Site-directed mutations were introduced into
single- or double-stranded pRM(B)HA DNAs by a megaprime-PCR mutagen-
esis technique or by using the Sculptor mutagenesis kit (Amersham, Inc.) with
mutagenic oligonucleotides. DNA sequencing was performed to verify all frag-
ments containing the mutations.

TABLE 2. Plasmids used in this study®

Plasmid Description

PRM Lottt A 4-kb fragment containing the entire MTR4 gene subcloned into pRS316°

PIM e Similar to pRM except that the vector is pRS306”

PDM ottt A LEU2 marker from pRS305” was substituted for an Xbal-AatIl fragment
of MTR4 in pIM

pRM((ts) This plasmid contains the mtr4-1 mutation rescued by gap repair

PIM(ES)APIO woovreeririecicrrertecietreeieseeeaete st sesesesessesesessnsesesesseasacsesseacaen An Xbal-HindIII fragment from pRM9(ts) was subcloned into pIM and
digested with Spel-HindIII to create a promoterless integrative form of
mtr4-1 for double mutant construction

pRMBg A BglII site was created by changing T-12 to A in pRM

PRIM(BE)HA .....cooiiiciiricieirecierecietseeieteseese e sseseseseaseaeaesseseacnen A sequence coding for the influenza virus HA epitope® was inserted into
the Bg/II site of pRMBg

PRM(B)HA ..ottt teesesesesseseseseeseaesessessacaes Identical to pRM(Bg)HA but insertion was at the BamHI site of pRM(ts)

pRM(ts) Identical to pRM(B)HA but insertion was at the BamHI site of pRM(ts)

PGMABSL. i A pFL35%based plasmid containing the 5’ nontranscribed sequence of
MTR4-TRPI-GALI0-ORF and 3’ untranslated region of MTR4

PYSKIZ oo This plasmid, which contains an ADH promoter, SKI2 gene, URA3 marker,
and 2um replicon, was produced by replacing the TRPI marker of
pYeFlag SKI2¢ with a URA3 marker from pFL44L¢

PYRORFZ ..ottt The human cDNA for ORF2 was substituted for the SKI2 gene in pYSKI2

PGOMALT oo A Bglll-Xbal fragment was removed from pGM410%

pGM412.. ...A BglII-PfIMI fragment was removed from pGM410

PGMAZT o A BspEI-BspEI fragment was removed from pGM420

PGMA2D .ttt A BstXI-BstXI fragment was removed from pGM420

...A BstEII-HindIII fragment was removed from pGM420

A BspEI-HindIII fragment was removed from pGM420

¢ This study was the source for each of these plasmids.
?R. S. Sikorski and P. Hieter (38).

¢ See Materials and Methods.

4 N. Bonneaud et al. (3).

¢ W. R. Widner and R. B. Wickner (44).

/N. Nomura et al. (24a); GenBank accession no. D29641.

8 Both pGM410 and pGM420 express MTR4 from a GALI10/CYCI promoter (see Materials and Methods).
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Epitope tagging of Mtrdp. A double-stranded synthetic oligonucleotide se-
quence coding for the influenza virus HA tag (YPYDVPDYA) with compatible
ends was inserted in frame into either the Bg/II site of pPRMBg or the BamHI site
of pRM (see above) to give rise to pRM(Bg)HA or pRM(B)HA, respectively.
The BglII site is 12 bp downstream of the ATG codon (created by site-directed
mutagenesis), and the BamHI site is 795 bp upstream of the stop codon.

In situ hybridization, indirect immunofluorescence, and electron microscopy.
In situ hybridization, indirect fluorescence, and electron microscopy were done
as described previously (18). For double detection of both poly(A)" RNA and
yeast antigens, cells were incubated for 2 h each with a primary antibody followed
by a secondary antibody diluted in TBSG buffer (20 mM Tris-HCI, 137 mM
NaCl, 3 mM KCl, 1.5 mM MgCl,, 5 mg of bovine serum albumin per ml, 1 mg
of glycine per ml, 0.05% sodium azide [pH 7.6]) supplemented with 5 mM
heparin. Samples were washed with TBSG buffer five times for 5 min after each
incubation. The biotinylated oligo(dT) probe was then added, and processing
was continued for in situ hybridization. The mouse monoclonal antibodies
12CAS5 (from D. Templeton), A66, anti-NOP1p (from J. Aris), anti-B-galactosi-
dase (Promega), and the rabbit polyclonal anti-NSP1 affinity-purified antibody
ECI10 (from E. Hurt) were used at 1:100, 1:5, 1:1,000, and 1:5 dilutions in TBSG,
respectively. The fluorescein isothiocyanate-conjugated goat anti-mouse immu-
noglobulin G and the rhodamine-conjugated goat anti-rabbit immunoglobulin G
were used at 1:100 to 1:200 dilutions (Jackson Laboratory).

Depletion of MTR4 expression. The plasmid pFL435L (Table 2) was linearized
by Clal-Aatll digestion. The gel-purified fragment containing the 5’ end of
MTR4-TRP1-GAL10-MTR4 OREF plus the 3’ sequence was introduced into the
haploid strain W303 and selected for growth on galactose-containing SD medium
without tryptophan. Of 24 transformants tested, 20 grew only in medium con-
taining 2% galactose or 2% raffinose plus 0.1% galactose. One such strain was
named YSL303. For Mtrdp depletion, cells were shifted from galactose-contain-
ing medium to glucose-containing medium.

Extraction of HA-tagged Mtrdp. The conditional strain GALI0-
MTR4(YSL303) transformed with pRM(B)HA was used. As a negative control,
pRM was used in place of pPRM(B)HA. Five 4,4, units of early-log-phase cells
was washed in water and in standard extraction buffer A (10 mM NaCl, 20 mM
Tris-HCI [pH 7.4], 2 mM MgCl,, 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, and aprotinin, pepstatin, and leupeptin at 5 pg/ml each). The
pellets were vortexed in 300 wl of the same buffer with 100-pl glass beads
(0.45-mm diameter; Sigma) seven times for 30 s each with 30-s intervals on ice.
Cell debris was removed by centrifugation twice for 10 min each at 15,000 rpm
in a Tomy microcentrifuge. The supernatants were transferred to new tubes and
analyzed in parallel with the pellets after the addition of reducing Laemmli buffer
containing sodium dodecyl sulfate to extract proteins from the pellets.

Glycerol gradient fractionation. Samples (300 pl) of the cell extract were
loaded onto 10 to 30% glycerol gradients in extraction buffer A and sedimented
at 35,000 rpm for 24 h at 4°C in a Beckman SW41 rotor. Twenty-five 470-pl
fractions were collected with a gradient fractionator (Auto Densi-Flow II C;
Haake Buchler). Molecular standards (yeast alcohol dehydrogenase [150 kDa]
and apoferritin [443 kDa]) were mixed with equal volumes of 2X extraction
buffer A and centrifuged in parallel gradients under the same conditions. The
position of each standard in the gradient was determined by measuring the
optical density at 280 nm.

RESULTS

Cloning of MTR4 and overall structure of Mtr4p. Pre-
mRNA splicing, rRNA processing, and tRNA processing ap-
pear normal in an m#r4-1 mutant; however, the average length
of the poly(A) tail increases and small amounts of oversized
CRY]I transcripts can be detected (18). We transformed an
mtr4-1 strain with a YCp50-based genomic library to clone the
corresponding gene (Fig. 1A). Plasmids which complement the
growth defect were analyzed in detail and subsequently inte-
grated at the corresponding locus to prove that the cloned gene
was not an extragenic suppressor (see Materials and Methods).
The MTR4 gene encodes a novel protein of 1,073 amino acids
(Fig. 1B). Judging from the analysis of sporulation of a diploid
with one disrupted MTR4 gene and the arrest of growth seen in
haploid strains upon termination of transcription of MTR4 (see
below), this gene is essential.

Most strikingly, Mtr4p is a member of the DEAD-box ATP-
dependent helicase superfamily. Thus, it includes a character-
istic set of seven consensus motifs (34) but differs from the
DEAD-box prototype, eIF4A, in having AHTSAGKT in place
of AXXXGKT, PIKALS versus PTRELA, TGDI versus
TPGR, DEVH (also found in the NPH-2 transcription factor of
vaccinia virus [37]) versus DEAD, RRGIG versus ARGXG, and
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GRAGRRGL versus HRIGRXXR. Like all DEAD and DEAH
proteins, it includes a SAT sequence after the DEVH motif.

Comparison of the entire protein sequence shows that it
resembles the sequences of several proteins with variants of
the DEAD sequence (Fig. 1C), especially the yeast Ski2 pro-
tein (36% identity [44]) and predicted proteins, e.g., the human
ORF2 (79% identity; GenBank accession no. D29641, after
correction of the sequence by insertion of one base to yield an
ORF of 1,043 rather than ~840 amino acids). Strikingly, in
addition to extended regions of identity, all three proteins
terminate with the sequence (K/L)I(K/H)RDIV(F/S)A(A/G)
SLYL (Fig. 1B). Other related human putative ATP-depen-
dent RNA helicases are Ski2W and the gene 170 product (7,
22). There are no obvious membrane-spanning regions or mo-
tifs characteristic of nucleoporins (FG rich), nucleolar proteins
(GAR domain), or SR proteins in Mtrdp.

At the DNA level, a region rich in T is found in the putative
promoter region. The AATAAA sequence located down-
stream of the stop codon is likely to play the role of positioning
element for 3’ end formation (12, 43).

Localization of Mtrd4p. To make it possible to express alter-
nate forms of Mtrdp, we constructed a strain in which tran-
scription of the wild-type MTR4 gene is driven by a GALI0
promoter (YSL303) and therefore can be terminated by a shift
to glucose-containing medium. Two in-frame insertions of an
HA tag into Mtrdp (either 12 bp downstream of the start
codon or 795 bp upstream of the stop codon) were functional
when driven by an MTR4 promoter in YSL303, judging from
their ability to rescue growth of YSL303 in glucose medium at
30°C. They also rescued growth of the mur4-1 strain at 37°C.
HA-Mtrdp was detectable in the nucleus by immunofluores-
cence (Fig. 1D) and had a distribution similar to that of DNA
stained with DAPI (4,6-diamidino-2-phenylindole). It is certainly
not restricted to the nucleolar crescent or the nuclear periphery.

Structure of Mtrd4p. The short sequence between amino
acids 855 to 869 (RKHDLHEDMKQLKRK) resembles bipar-
tite nuclear localization signals (NLS). An arginine/lysine-rich
region (residues 883 to 891) (RRRKRVLRR) was also found
14 amino acids downstream of this sequence. Fusion of resi-
dues 852 to 893 to the N terminus of B-galactosidase is suffi-
cient to redirect B-galactosidase to the nucleus (Fig. 1E). Con-
sidering that HA epitope-tagged Mtrdp lacking residues 864 to
870 also localizes to the nucleus (data not shown), the arginine/
lysine-rich region (residues 883 to 891) appears to function as
an NLS. It remains to be established whether this is the only
functional NLS in Mtr4p.

By use of a set of gapped plasmids, we showed that the
region of Mtrdp which includes the ts mutation in mer4-1 is
near the carboxy terminus. A point mutation (C942Y) was then
identified by sequencing this region.

Site-directed mutagenesis experiments made use of the
GALI10-MTR4 strain and deletion strategy described above.
These experiments show that although the DEVH sequence can
be replaced by DEAD, the SAT motif (essential for RNA heli-
case activity [27]) cannot be replaced by LAT, the GRAGRRG
motif (implicated in RNA binding [26]) cannot be replaced by
GPAGRRG, and a short stretch (HEDMKQLKRKIS) near the
NLS sequence cannot be shortened to HEDMKNS. Surprisingly,
the conserved C-terminal SLYL tetrapeptide is not essential.

Site of accumulation of poly(A)* RNA upon depletion of
Mtrdp. As detected by fluorescent in situ hybridization,
poly(A)* RNA accumulates as a small spot in the nucleus of
mtr4-1 at 37°C (18). Moreover, when the GAL10-MTR4 strain
(YSL303) was shifted to glucose-containing medium for 10 to
20 h, we detected a strong nuclear signal (Fig. 2A). Double
staining has been used to localize the accumulated poly(A)™
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FIG. 1. (A) Cloning of MTR4 and localization of mutation in mtr4-1. (a) Two genomic DNA inserts obtained in the initial complementation experiment. The
complementation activity was localized as indicated by the 4-kb arrow (third line). (b) Plasmid pRM, including the intact MTR4 gene (arrow), was digested to generate
a set of gaps (thick bars). The linear plasmids were used for gap repair by homologous recombination in mtr4-1. The growth of the transformants was determined at
37°C. Only one gap (indicated by an asterisk) did not yield TS* transformants. (B) Sequence of Mtrdp compared with the sequences of human ORF2 (Horf2p) and
yeast Ski2p. The alignment was done with MacDNAsis software (Hitachi) and finalized by inspection. Identical residues are shaded. Underlined residues are motifs
found in the DEAD-box superfamily. Dashed lines indicate the regions in Mtrdp which include a functional NLS that is rich in lysine and arginine. Sites of insertion
of the HA epitope are indicated by arrowheads. The bullet indicates the site of mutation in mtr4-1, C942Y. The sequence can be accessed in the PIR data bank as
>PIR//S56822 SKI2 protein homolog YJL050w. (C) Dendrogram illustrating the relationship of Mtrdp to other DEAD-box proteins. Note that none of the nearest
relations includes the sequence DEAD. Drosophila, Drosophila melanogaster; C. elegans, Caenorhabditis elegans; Vaccinia, vaccinia virus; E. coli, Escherichia coli;
Sulfolobus, Sulfolobus sp. (D) Immunofluorescence detection of Mtrdp, a nuclear protein. Mtrdp was tagged with an HA epitope, and its localization was monitored
with the 12CA5 monoclonal antibody in YSL303 upon Mtr4p depletion (growth in glucose). In the control panels (—HA), no epitope was present. DAPI was used to
stain the DNA. (E) Identification of an NLS. The indicated coding sequence (residues 852 to 893) was PCR amplified and fused to the N terminus of the lacZ gene
under the control of a GAL10/CYC1-inducible promoter. After growth in galactose, cells stained with the monoclonal anti-B-galactosidase antibody gave a nuclear
signal, unlike controls lacking the insert. DNA was stained with DAPI.
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RNA by reference to the nucleoporin, Nsplp, and the nucle-
olar protein, Noplp. Poly(A)" RNA abuts and often overlaps
Nsplp (panel c¢) and extensively overlaps Noplp (compare
panels b and a). A corresponding accumulation of electron-
dense material is seen by electron microscopy (Fig. 2B).

The regions of the nucleus containing the highest concen-
tration of poly(A)™ RNA often appear to deform and protrude
from the nuclear envelope. Although in wild-type cells there is
no obvious enrichment of Nsplp or nuclear pores adjacent to
the nucleolus (data not shown), light microscopic observations
of the Mtrdp depletion strain show that the protruding areas
are often enriched in Nsplp (Fig. 2B, panel c, inset). More-
over, electron microscopic observations show that the electron-
dense material (presumably derived from the nucleolus) lies
adjacent to portions of the nuclear envelope which have an
abundance of nuclear pores (Fig. 2B, panel c).

Mtrd4p function appears unique. To learn whether Mtrdp
shares functions with other members of the DEAD-box super-
family, we attempted the suppression of known DEAD-box
pre-mRNA splicing mutants (the ts prp2, prp5, prpl6, prp22,
and prp28 strains [30]) and the cold-sensitive spb4 mutant (32).

We also attempted suppression of mtr4-1 by overexpression of
these same DEAD-box members. No rescue was seen at 35 to
37°C (or 16°C for spb4). Furthermore, mtr4-1 was not rescued
by overexpression of the GTPase-activating protein RNAI
(35), the nucleoporins NSPI and NUPI (8), or MTRI or MTR2.

Since SKI2 and human ORF2 ¢cDNA encode proteins re-
lated to Mtrdp, we placed these two genes under the control of
ADH] (alcohol dehydrogenase I) and GALI promoters in a
2um-based plasmid. Overexpression of Ski2p was tolerated in
the wild type but did not rescue growth of mt#r4-1 at 35 or 37°C.
Equivalent negative observations were made in attempts to
rescue the conditional GAL10-MTR4(YSL303) strain carrying
ADH-SKI2 upon shift to glucose medium at 15, 30, 35, or 37°C.
Overexpression of human ORF2 in the same vectors reduced
cell growth, suggesting that it interacts with critical proteins
without fulfilling normal Mtr4p functions.

Biochemistry of Mtrdp. HA-Mtr4p is readily extracted from
cells in low salt (i.e., <10 mM NaCl) but is extracted less well
in 200 mM NaCl. When protein extracts of cells labelled with
Tran*>S-label were immunoprecipitated with the anti-HA an-
tibody, HA-tagged Mtrdp was specifically immunoprecipitated,
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FIG. 2. (A) Localization of poly(A)* RNA after Mtrdp depletion. Strain
YSL303 contains an inducible MTR4 gene. Cells were examined during growth in
medium containing 2% galactose (a) or after a shift to medium containing 2%
glucose for 20 h (b and c). Cells were subjected to a double detection of poly(A)™
RNA and the nucleolar antigen Noplp (a and b) or poly(A)" RNA and the
nuclear pore protein Nsplp (c). Green represents poly(A)* RNA. Red repre-
sents Noplp (a and b) or Nsplp (c). Yellow results from colocalization of
poly(A)* RNA and the antigens. Arrows indicate the accumulated poly(A)*
RNA, which, because of overlap with the Nsplp signal, is yellow. Note the
seemingly empty volume (star) enclosed by the Nsplp signal. Triple staining
shows that the Noplp-negative region contains the bulk of the nuclear DNA
(data not shown). The magnification of panel c is twice that of panels a and b.
The cell were examined with a Bio-Rad confocal microscope. (B) Loss of MTR4
function causes ultrastructural changes in the nucleus. Thin sections of mtr4-1
(YSLA01) at 23°C (a) or after 3 h at 37°C (b) are shown. (c) YSL303 was shifted
to glucose medium for 20 h at 30°C. Note the heterogeneous osmiophilic mate-
rial in the nucleus under restrictive conditions. A normal nucleolus is not seen.
N, chromatin-rich nucleoplasm. The stars and arcs designate osmiophilic regions,
possibly derived from the nucleolus and including the accumulated poly(A)*
RNA. In panel c, the nuclear pores are designated by arrowheads. Note that, as
in the immunofluorescent anti-Nsplp image in the insert, pores seem to be
enriched at the end of the nucleus which is near the osmiophilic material.
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FIG. 3. Glycerol gradient analysis of Mtr4p distribution. (A) Low-salt ex-
tracts of cells expressing HA-epitope-tagged Mtr4p were analyzed on 10 to 30%
glycerol gradients. Fractions were collected from the top (left) to the bottom
(right) and processed by immunoblotting to detect the HA epitope tag. The
addition of 2 mM ATP to the extract (or 500 mM KCI) caused only modest
changes (data not shown). (B) Digestion with RNase A (10 pg/ml) plus micro-
coccal nuclease (400 wm/ml) at 30°C for 30 min. (C) Analysis of HA-tagged
Mtrdp carrying the mtr4-1 mutation after depletion of the wild-type protein (as
described above) and incubation for 3 h at 37°C. (D to E) Comparable analysis
of HA-tagged Mtr2p in YTK206 before (D) and after (E) RNase treatment.
Note that the sedimentation of Mtr2p is not altered by RNase. Only fractions 5
to 18 are shown since little signal was seen in fractions 1 to 4 and 19 to 25 or in
the pellet. Pairs of fractions were pooled and analyzed for panels C to E.
Molecular standards were loaded in parallel gradients: yeast alcohol dehydro-
genase (150 kDa) (adh) peaked in fraction 8; apoferritin (443 kDa) (apf) peaked
in fraction 18.

but no additional specific bands were detected (data not
shown).

Low-salt extracts containing HA-Mtrdp were fractionated
on 10 to 30% continuous glycerol gradients and analyzed by
Western blotting (immunoblotting). HA-Mtr4p has a broad
distribution (Fig. 3A). Treatment with nonspecific RNases be-
fore gradient fractionation caused a major change of the dis-
tribution of Mtrdp; after RNase treatment, most HA-Mtrdp
sediments in fractions 5 to 8, where the monomeric Mtrdp (125
kDa) is expected. Thus, Mtrdp associates, directly or indirectly,
with RNA. As shown in panel C, the HA-tagged mitr4-1 mutant
form of Mtrdp was also broadly distributed in comparable
experiments. Panels E and F show that HA-Mtr2p (19) does
not shift upon RNase treatment.

DISCUSSION

Polydisperse hnRNP particles of higher eukaryotes are
thought to be generated from nascent transcripts which are
fragmented upon cell disruption (9). Their proteins are largely
distinct from those of spliceosomes. Some animal cell hnRNP
proteins do shuttle in and out of the nucleus; however, there is
no direct demonstation that they convey mRNA to the cytosol
(9). By studying S. cerevisiae, which has only a few intron-
containing genes, we have attempted to focus on the events of
transport/export other than those which are related to mRNA
splicing. One hnRNP-like protein which appears critical for
export of poly(A)* RNA has been identified (39). The present
observation of a putative helicase is consistent with our expec-
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tation that normalizing factors may participate in forming or
translocating the export RNP itself.

The superfamily of putative DEAD-box helicases includes
more than 100 prokaryotic and eukaryotic proteins of diverse
function (34). These proteins are customarily described as be-
longing to the DEAD or DEXH/DEAH subfamilies. Although
some show RNA-stimulated ATPase activity, only six are
known to melt secondary structure, perhaps because of the
need to identify the proper substrates or a need for accessory
proteins (15). In addition to their putative roles in mRNA
splicing, in which DEAH family members (Prp2p, Prp16p, and
Prp22p) appear to catalyze alterations of small nuclear RNA/
mRNA interactions (5, 30, 40), these proteins have been im-
plicated in mRNA stabilization (13), mRNA localization (11),
and rRNA processing (28, 32). The prototypic DEAD-box
protein, eIF-4A, melts the mRNA 5’ secondary structure in the
cytosol as part of a complex with p220 and the RNA-binding
protein eIF-4B (15). RNA unwinding appears to be the culmi-
nation of a sequence of steps: ATP binding, protein confor-
mational change, RNA binding, ATP hydrolysis, stabilization
of RNA binding, and finally, unwinding of the RNA.

The identification of structural homologs of Mtrdp is strik-
ing. Ski2p functions in the antiviral response, apparently by
inhibiting translation of Cap™ poly(A)” mRNAs in the cyto-
plasm (23, 44), while hORF?2 is known only as a DNA se-
quence. The extensive similarity of hORF2p to Mtrdp may
open the possibility of studying equivalent functions in higher
eukaryotes; however, as in many cases in which higher eukary-
otic proteins are expressed in yeast cells, this protein cannot
replace the Mtrdp function in yeast cells. A further, less close-
ly-related, human homolog—unlike Mtrdp—resides in the nu-
cleolus (7, 21).

We suggest that Mtrdp affects mRNA structure, packaging,
or distribution at a late stage of intranuclear transport since,
although it is concentrated in the nucleus and binds RNA, it
does not appear to be required for pre-mRNA splicing. We
will need much more sophisticated means of examining the
progress of transcripts within the nucleus, at the biochemical
level, before such a suggestion can be critically evaluated. It
will also be valuable to identify the set of RNAs to which
Mtrdp binds (directly or indirectly) in order to learn whether
this protein does have unwinding activity. The observation that
the mutant form of Mtr4p still associates with RNA suggests
that the carboxy-terminal end of the protein is important for
some relatively late step in transport, i.e., subsequent to the
initial steps of RNA recognition. In the hope of obtaining some
information concerning the role of Mtr4p by relation to other
MTR products, we generated double mutants between mtr4-1
and mtrl-1, mtr3-1 and mtr8-1, and mtrl12-1 and mtrl3-1. Each
of these parental strains is characterized by a different distri-
bution of poly(A)* RNA at 37°C (35). No synthetic lethality
was observed in any of the resulting double mutants at 23 or
37°C, indicating no strong genetic interaction.

We inquired whether Mtrdp can be immunoprecipitated
along with other proteins or whether overexpression of Mtrdp
or segments of the protein might be toxic, as might be expected
if it interacts with key targets. As mentioned above, no coim-
munoprecipitating proteins were detected. With regard to
overexpression, an N-terminal fragment of Mtr4p (amino acids
1 to 230) and internally deleted fragments (amino acids 1 to 4
plus 91 to 1073, 1 to 4 plus 334 to 1073, 1 to 229 plus 602 to
1073, 1 to 334 plus 763 to 1073, and 1 to 655 plus 993 to 1073)
of HA-tagged Mtrdp were expressed in a wild-type strain
(W303) under control of the inducible GAL10/CYCI promoter
in a low-copy-number vector. Upon induction with 2% galac-
tose, Western blotting confirmed the expression of each spe-
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cies. Nevertheless, no toxicity was observed even when the
entire Mtrdp was overexpressed (data not shown).

Two other proteins (Mtrl3p/Nablp/Np13p/Nop3p and
Nupl45p) implicated in RNA export do have complete or
partial RNA recognition motifs (4, 8, 31, 39). Possibly related
helicase activities have also been detected in the rat liver and
in HeLa cell nuclei (10, 21, 36).

The striking observation that depletion of Mtrdp causes ac-
cumulation of poly(A)* RNA in association with the nucleolar
antigen, Noplp, raises exactly the same issues of possible nu-
cleolar involvement in mRNA export which we have recently
discussed (35). Three other mtr mutants, mr3-1, mtri4-1, and
mitrl7-1, share this characteristic with mtr4-1 (20). A possibly
related observation of nucleolar poly(A)* RNA accumulation
has also been made for heat-shocked Schizosaccharomyces
pombe (41). We favor the idea that the association of mRNA
with the nucleolus is the result of interruption of the normal
export path under circumstances which still allow RNA trans-
location and diffusion within the nucleoplasm.
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