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We have identified a set of genes that affect mRNA transport (mtr) from the nucleus to
the cytoplasm of Saccharomyces cerevisiae. One of these genes, MTR2, has been cloned and
shown to encode a novel 21-kDa nuclear protein that is essential for vegetative growth.
MTR2 shows limited homology to a protein implicated in plasmid DNA transfer in Esch-
erichia coli. PolyA*RNA accumulates within the nucleus of mtr2-1 in two to three foci at
37°C. mRNA, tRNA, and rRNA synthesis continue as do pre-mRNA splicing, tRNA pro-
cessing, and rRNA export at 37°C. Under these conditions the polyA tail length increases,
and protein synthesis is progressively inhibited. Nucleolar antigens also redistribute to two
to three nuclear foci at 37°C, and this redistribution depends on ongoing transcription by
RNA polymerase II. Surprisingly, these foci coincide with the sites of polyA*RNA accu-
mulation. Comparable colocalization and dependance on RNA polymerase II transcription
is seen for the mtr1-1 mutant. The disorganization of the nucleolus thus depends on mRNA
accumulation in these mutants. We discuss the possible functlons of MTR2 and the yeast

nucleolus in mRNA export.

INTRODUCTION

The formation of functional mRNA in eukaryotes entails
transcription, 5'- and 3-end processing, splicing, nu-
cleotide modifications, and transport to the cytoplasm.
Very little is known about the mechanisms of mRNA
transport, but we anticipate that this transport pathway
depends on a succession of protein-RNA interactions
that extend from the nucleosome to the external face
of the nuclear envelope. To dissect this pathway, we
and others initiated a genetic approach to identify con-
ditional mRNA transport defective mutants (rat and mtr
mutants) of S. cerevisiae (Amberg et al., 1992; Kadowaki
et al., 1992, 1994). One such recessive mutant, mtrl/

prp20/srm1l, is characterized at 37°C by accumulation
of polyA*RNA in the nucleus and by multiple defects
in RNA processing, reminiscent of the rnal-1 mutant
(Hopper et al., 1990). The MTR1 gene and its homo-
logues appear to act as guanine nucleotide release pro-
teins on nuclear GTPases of the RAS superfamily (Tar-
takoff and Schneiter, 1995). The ratl mutant also
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exhibits nuclear polyA*RNA accumulation at the re-
strictive temperature (Amberg et al., 1992), and, sur-
prisingly, RAT1/HKE1 has exoribonuclease activity
(Kenna et al., 1993).

In the present report, we characterize a second re-
cessive mutant, mtr2-1, and the MTR2 gene. The con-
sequences of mutation of MTR2 with regard to RNA
processing appear to be much more limited than for
MTR1. Previous studies of the nucleolus have docu-
mented its fragmentation and “segregation’ upon in-
hibition of RNA polymerase I and progression through
mitosis (Busch and Smetana, 1970; Bell et al., 1992;
Qakes et al., 1993).

MATERIALS AND METHODS

Fluorescent In Situ Hybridization and Dot Blot
Analysis

Fluorescent in situ hybridization and dot blot analysis of polyA*RNA
were carried out as described (Kadowaki et al., 1992).

RNase Protection Assay and Primer Extension

The Xho I-Bgl Il DNA fragment of the yeast actin gene (Ng and Abel-
son, 1980) was cloned in pBluescript SKII* (pTACT1) and linearized
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with Xho 1. The **P-labeled probe was prepared using linearized plas-
mid and T3 RNA polymerase. Ten micrograms of total RNA, isolated
from YPH 499, YTK200, and YTK108 and incubated 0, 0.5, or 2 h at
37°C, was used for hybridization and digested with RNase T1. The
products were analyzed on a 5% polyacrylamide-8 M urea gel. Pre-
and mature actin mRNA correspond to the 487 and 241 nucleotide
bands, respectively.

Ten micrograms of total RNA isolated from Acc®, which contains
a synthetic intron in the lacZ open reading frame (ORF), and pLGSD5-
transformed SL7 and YTK203 were used for primer extension. The
induction of lacZ transcription by 2% galactose for 0, 2, or 4 h was
initiated after 20 min preincubation at 37°C. The methods and in-
terpretation of extension products are based on Legrain and Rosbash
(1989).

Analysis of rRNA and tRNA Processing

YPH499 and YTK200 were grown in SC-MET medium at 23°C, and
5 X 107 cells were preincubated at 2 X 107 cells/ml at 23 and 37°C
for 20 min by adding equal volumes of 23 and 50°C prewarmed
medium, respectively. *H-[methyllmethionine (0.1 mCi/ml)(72.2 Ci/
mmol, New England Nuclear, Boston, MA) was then added. After 3
min 1 ml of cells was removed and chilled on ice. Cold methionine
(0.5 mg/ml) was immediately added to the remaining volume and
further 1-mi samples of cells were collected after 5 and 10 min. The
labeled RNA was extracted, and then equal amounts of radioactivity
were loaded in each lane on 1% Agarose gel.

Analysis of PolyA*RNA

For tail length determination, 1 18 of total RNA isolated from YPH499
and YTK200 was labeled with **pCp (>1000 Ci/mmol, Amersham,
Arlington Heights, IL) and RNA ligase, followed by RNase A/T1
digestion, as described (Minvielle-Sebastia et al., 1991). The digestion
products were ethanol precipitated with sonicated salmon sperm DNA
as carrier and analyzed on a 12% polyacrylamide-8 M urea gel (Sachs
and Davis, 1989).

Indirect Immunofluorescence

Fixation, spheroplasting, and attachment of cells to poly-L-lysine-
coated slides were as for fluorescent in situ hybridization except cells
were fixed for 2 h on ice for detection of HA-epitope-tagged MTR2.
The slides were treated with methanol followed by 0.1% TX-100 in
phosphate-buffered saline (PBS). Blocking was with 2% bovine serum
albumin (BSA) in PBS. The monoclonal antibody YN9C5 (from ]J.
Broach, Princeton Univ), recognizing an unidentified yeast nucleolar
protein, A66 (recognizing NOP1), and 12CAS5 (recognizing the HA-
epitope) were diluted 200-fold (in PBS containing 2% BSA). A 100-
fold dilution of fluorescein isothiocyanate (FITC)-conjugated anti
mouse IgG (Boehringer Mannheim, Indianapolis, IN) was used for
detection.

Detection of PolyA*RNA and Nuclear Proteins

For combined detection of polyA*RNA and nuclear proteins, cells
were first processed as for fluorescent in situ hybridization. Primary
antibodies were then added to a solution containing 1X SSC, 1%
BSA, and 2 ug/ml FITC-avidin as for indirect immunofluorescence
and incubated for 1 h at room temperature. Samples were then washed
five times for 10 min with 1X SSC and reincubated for 1 h at room
temperature with Lissamine-rhodamine B—conjugated anti-mouse IgG
(Jackson Laboratory, Bar Harbor, ME) in 1X SSC, 1% BSA. Samples
were finally washed twice with 2X SSC for 10 min each, twice with
2X SSC, 0.1% TX-100 for 10 min each, and finally twice with 2X
SSC for 10 min each.

Identification, Cloning, and Sequencing
of MTR2 Gene

YTK200 was transformed with a YCp50 yeast genomic DNA library
(Rose and Broach, 1991), and plasmids were rescued from several
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URA* TS* transformants. All plasmids carried a common DNA frag-
ment, and the complementing DNA fragment was identified by sub-
cloning. The 3-kilobase (kb) EcoRI-Xba I fragment was cloned into
the integrating vector, pRS306 (LIRA3) (Sikorski and Hieter, 1989), to
yield pTK200 and then linearized upstream of the MTR2 gene with
Bgl II. The linearized plasmid was used for transformation of YPH259
(ura3-52), and resulting URA* transformants were crossed with
YTK201 (mitr2-1 ura3-52). All tetrads (20) were parental ditype, in-
dicating that plasmid DNA was integrated at the MTR2 locus. The
sequence of the MTR2 Bgl II-Xba I DNA fragment (1.8 kb) was de-
termined using a series of nested deletions created by Exo 1lI/Mung
bean nuclease.

Disruption of the MTR2 Gene

The 3-kb EcoRI-Xba I DNA fragment including MTR2 was cloned in
pBluescript IISK* to yield pTK201. The internal BamHI-BamHI frag-
ment was then replaced with a Bgl II-Bgl II DNA fragment carrying
the LEU2 gene from PS118 (Silver et al., 1988) to yield pTK202. pTK202
was cut in vector sequences with Sac I and Xho I and used for trans-
formation of YPH501. The disruption of MTR2 in LEU* transformants
was checked by Southern hybridization probing Bgl 11 /Xba I-digested
genomic DNA with the MTR2 Bgl II-Xba 1 DNA fragment.

Epitope Tagging of MTR2
Epitope tagging of MTR2 was performed by polymerase chain reaction
(PCR), using linearized pTK201 and the following primers: primer 1,
5 GGAGATCTTATGAACACCAATAGTAATA 3'; primer 2, 5' GGA-
GATCTACTAAGCGTAGTCTGGGACGTCGTATGGGTAA-
ATTTTTAGCA GAGAATCCT 3’ and primer 3, 5 GGAGATCT-
ACTAAATTTTTAGCAGAGAA 3'. The combination of primers 1/2
and primers 1/3 results in the production of C-terminal HA-epitope—
tagged and untagged MTR2, respectively. PCR products were digested
with Bgl I followed by cloning in pGAP316 (Kadowaki et al., 1993).
pTK203 (untagged MTR2) and pTK204 (tagged MTR2) were con-
structed by replacing the GAL1 promoter with the MTR2 promoter
(EcoRI-BamHI fragment). The construction of YTK205, YTK206, and
YTK209 involved disrupting one copy of MTR2 in YPH501 and trans-
forming with pTK203, pTK204, and pTK211 followed by sporulation.
URA* LEU* spores were recovered.

Subcellular fractionation of yeast cells was performed as described
(Mirzayan et al., 1992).

Yeast Strains
The original mtr2-1 mutant was backcrossed three times with YPH
strains to yield YTK200. Both temperature-sensitive growth and ac-
cumulation of polyA*RNA in the nucleus at 37°C cosegregated 2:2
in these crosses. The double mutant (mtr2-1 rpb1-1) YTK202 was cre-
ated by crossing YTK207 and RY260 (Nonet et al., 1987) followed by
sporulation. For construction of YTK203, the m#r2-1 mutant allele was
first rescued by introducing Bgl II- and BamHI-gapped pTK205 (which
carries a 3-kb EcoRI-Xba I fragment including all of MTR2 in pRS316)
into YTK200. The rescued DNA fragment containing the entire
mtr2-1 allele was then cloned in pBluescript SKII* to yield pTK206.
pTK207 was then constructed by inserting a Bgl 1I-Bgl II fragment
carrying LEU2 from PS118 into the Bgl II site of pTK206. pTK207 was
digested with Sac I and Xho I (which cut in vector sequences) and
then used for transformation of SL7 to yield strain YTK203. Gene
replacement was checked by Southern hybridization probing genomic
DNA digested with EcoRI and Xba I with the MTR2 Bgl II-Xba I DNA
fragment.

Plasmids, yeast strains, and relevant genotypes are shown in Tables
1and 2.

RESULTS

Distribution and Characterization of PolyA*RNA
in the mtr2-1 Mutant

The mtr2-1 mutant is one of the mtr mutants we isolated
as described in our previous papers (Kadowaki et al.,

Molecular Biology of the Cell



Table 1. List of plasmids used

pTACT1 S. cerevisiae ACT1 Xho 1-Bgl Il DNA fragment cloned
in pBluescriptSKII*

pTK200 S. cerevisiae EcoRI-Xba I DNA fragment including
MTR2 cloned in pRS306

pTK201 The same DNA fragment as pTK200 cloned in
pBluescript SKII*

pTK202 BamHI-BamHI DNA fragment of MTR2 in pTK201
replaced by LEU2 Bgl II-Bgl Il DNA fragment

pTK203 Wild-type MTR2 ORF made by PCR, expressed
from its own promoter, and terminated by PGK
terminator, based on pRS316

pTK204 Same as pTK203, except MTR?2 is tagged with a HA
epitope at its C-terminus

pTK205 The same DNA fragment as pTK200 cloned in
pRS316

pTK206 The mtr2-1 allele EcoRI-Xba I fragment cloned in
pBluescriptSII*

pTK207 LEU2 Bgl 11-Bgl 11 DNA fragment cloned in the Bg!
II site of pTK206

pTK209 Same as pTK203 except MTR2 is under control of
the GAL1 promoter

pTK210 Same as pTK204 except MTR2 is under control of
the GAL1 promoter

pTK211 Same as pTK204 except plasmid is based on

1992, 1994). At the restrictive temperature this mutant
exhibits the most rapid accumulation of nuclear
polyA*RNA of all mtr mutants; accumulation of
polyA*RNA in the nucleus is evident after 20 min, and
this signal remains unchanged for up to 3 h at 37°C.

MTR2, mRNA Transport, and the Nucleolus

More than 90% of the cells exhibit nuclear polyA*RNA
accumulation. PolyA*RNA characteristically accumu-
lates as two or three foci in the nuclei of most cells
(arrowheads in Figure 1). Such a signal is not visible
when hybridization is with a biotinylated oligo-dA
probe. To learn whether this nuclear polyA*RNA signal
is dependent on active RNA polymerase II, we have
used the rpb1-1 mutant, which is ts for RNA polymerase
II (Nonet et al., 1987); a mtr2-1 rpb1-1 double mutant
does not show strong nuclear accumulation of
polyA*RNA at the restrictive temperature, by compar-
ison to parent mtr2-1 (unpublished data). Furthermore,
once polyA*RNA has been accumulated in the m#r2-1
nucleus by incubation at 37°C, the in situ hybridization
signal persists upon continued incubation for 3 h at
37°C with the RNA polymerase inhibitor, thiolutin
(Tipper, 1973) (unpublished data). To explore directly
the possibility that the mtr2-1 mutation enhances
cytoplasmic mRNA degradation, we measured polyA*-
RNA content in wild-type (wt), mtr2-1, rpb1-1, and mtr2-
1 rpb1-1 strains by dot blot analysis. Analysis of the
double mutant allows one to estimate the turnover
rate of preexisting (i.e., predominantly cytoplas-
mic) polyA*RNA. As shown in Figure 2, the total
polyA*RNA level remains roughly constant in m#r2-1
during 3 h at 37°C, and the degradation rate of
polyA*RNA in mtr2-1 rpbl-1 is comparable to that of
rpbl-1.

An increase of average polyA tail length is also seen in
mtr2-1 within 30 min at 37°C (unpublished data). Protein
synthesis of mtr2-1 gradually stops at 37°C, as expected
if the pool of cytoplasmic mRNA is progressively reduced
(Kumagai, Kadowald, and Tartakoff, unpublished results).

Table 2. Yeast strains and genotypes used

Yeast strains Relevant genotype Source
YPH259 MATo ura3-52 lys2-801 ade2-101 his3-A200 leu2-A1 P. Hieter
YPH499 MATa ura3-52 lys2-801 ade2-101 his3-A200 leu2-A1 trp1-A63 P. Hieter

ura3-52 lys2-801 ade2-101 his3-A200 leu2-Al trp1-A63 "
YPH501 MATa/a ura3-52 lys2-801 ade2-101 his-3A200 leu2-A1 trp1-A63
YTK102 MATa mtr1-1 ura3-52 Kadowaki et al., 1992
YTK105 MATa mtr1-1 rpbl1-1 ura3-52 lys2-801 ade2-101 his4-539 Kadowaki et al., 1992
YTK200 MATa mtr2-1 ura3-52 lys2-801 ade2-101 his3-A200 leu2-Al trpl-Al This study
YTK201 MATa mtr2-1 ura3-52 lys2-801 ade2-101 trp1-A1 ”
YTK202 MATa mtr2-1 rpb1-1 ura3-52 v
YTK203 MATa ura3-52 leu2 mtr2-1::LEU2 GAL+ ”
YTK205 MATa ura3-52 lys2-801 ade2-101 his3-A 200 leu2-A1 trp1-A63 AMTR2::LEU2 [pTK203] ”
YTK206 MATa ura3-52 lys2-801 ade2-101 his3-A 200 leu2-Al trp1-A63 AMTR2::LEU2 [pTK204] ”
YTK207 MATa mtr2-1 ura3-52 lys2-801 ade2-101 his3-A 200 leu2-A1 trp1-Al "
YTK208 MATa/o ura3-52 lys2-801 ade2-101 hfs3 A200 leu2-A1 trp1-A63 AMTR2::LEU2 This study

ura3-52 lys2-801 ade2-101 his3-A200 leu2-Al trp1-A63 MTR2
YTK209 MATe ura3-52 lys2-801 ade2-101 his3-A200 leu2-Al trp1-A63 AMTR2::LEU2 [pTK211] This study
SL7 MATa ura3-52 leu2 GAL+ S. Lemmon
RY260 MATa rpb1-1 ura3-52 R. Young
108 MATa adel ade2 ural his7 lys2 tyrl gall prp5-1 Yeast Genetic Stock Center
EE1b (rnal-1) MATa rnal-1 mhl::URA3 ura3-52 tyrl his4 his7 adel A. Hopper
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mtr2-1
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Pre-mRNA Splicing in mtr2-1

To learn whether the mtr2-1 mutation affects pre-mRNA
splicing at 37°C, actin mRNA was analyzed by an
RNase protection assay. As shown in Figure 3A, accu-
mulation of actin pre-mRNA is not detected in mtr2-1
after 0.5 and 2 h at 37°C in contrast to prp5-1, which
is ts for splicing (Ruby et al., 1993). Splicing of a newly-
transcribed pre-mRNA was also checked by transform-
ing wt cells and mtr2-1 with a plasmid (Acc®) that carries
a galactose-inducible lacZ gene containing a synthetic
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Figure 1. Colocalization of
polyA*RNA and nucleolar
proteins. PolyA*RNA and nu-
cleolar antigens (detected with
antibody YN9CS5) were simul-
taneously detected in YPH499
(wt, A and B), YTK102 (mtr2-1,
C and D), and YTK200 (mtr1-1,
E and F) after 30 (YPH499 and
YTK200) and 90 min (YTK102)
incubation at 37°C. Compara-
ble observations of colocaliza-
tion with polyA*RNA (arrow-
heads) have been made with a
monoclonal antibody to NOP1.

intron (Legrain and Rosbash, 1989). As shown in the
primer extension experiment illustrated in Figure 3B,
after incubation for 2 and 4 h at 37°C with galactose,
equal amounts of mature lacZ mRNA (and pre-mRNA)
are detected in wt and mtr2-1.

Because, upon splicing, the lacZ mRNA transcribed
from Acc® codes for active $-galactosidase, we measured
activity in Acc®-transformed cells and in cells trans-
formed with its parent plasmid that lacks an intron,
pLGSDS5 (Guarente ef al., 1982). mtr2-1 transformants
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Figure 2. PolyA*RNA in wt, mtr2-1, rpb1-1, and mtr2-  §
1 rpb1-1. Dot blot analysis of polyA*RNA content. Ten 2
micrograms of total RNA isolated from YPH499 (wt), £ 40000
YTK200 (mtr2-1), RY260 (rpb1-1), and YTK202 (mtr2-1 <
rpb1-1) after incubation at 37°C for 0, 0.5, 1.0, 2.0, and E
3.0 h were analyzed by dot blot using *’P-labeled oligo-  ©
dT as a probe. The radioactivity of each sample was mea- 20000
sured by scintillation counter and plotted for quantitative
analysis. Note that total polyA*RNA levels remain roughly
unchanged during 3 h at 37°C in mir2-1 and that the 0

decay rate in rpb1 and mtr2-1 rpb1-1 are similar. A pair
of experiments gave essentially identical results.

incubated with galactose show very little activity at 37
compared to 23°C. This ratio is ~40 times higher in
wild-type cells. This is consistent with the expectation
that lacZ mRNA synthesized in the mtr2-1 mutant is
not exported.

tRNA and rRNA Processing in mtr2-1

rRNA processing was analyzed in *H-[methyl]meth-
ionine pulse-chase experiments after preincubation at
37°C. Synthesis of rRNA continues, but accumulation
of ®*H-35S pre-rRNA and reduced production of *H-27,
25, 20, and 18S rRNA is evident in mtr2-1 after 3 min
pulse labeling. After 10 min chase, mature *H-25S and
185 rRNA are visible, but their appearance is slow com-
pared to wt cells (Figure 4). Similar defects on rRNA
processing are observed with *H-uridine-labeled RNA,
indicating that the illustrated inhibition is not due to
alteration of IRNA methylation. These changes may re-
sult from fragmentation of the nucleolus. Because pro-
cessing of 205-185 rRNA takes place in the cytoplasm
(Udem and Warner, 1973) and 185 rRNA is produced
at 37°C in this mutant, the mtr2-1 mutation certainly
does not completely block rRNA transport. Comparable
experiments show that synthesis and processing of
tRNA are not inhibited in mtr2-1 (unpublished data).

Nucleolar Structure in mtr2-1

The yeast nucleolus forms an argentophilic crescent in
contact with the nuclear envelope. It is thought to ac-
complish rRNA processing and ribosome assembly
(Smitt et al., 1973; Warner, 1989; Woolford, 1991). Be-
cause we and others have observed that nucleolar
structure is severely disorganized in the mtrl/prp20/
srm1 mutant at 37°C (Oakes et al., 1993; Kadowaki and
Tartakoff, unpublished results), we have studied the
organization of the nucleolus in mtr2-1 using a mono-
clonal antibody that recognizes NOP1 (Aris and Blobel,
1988) and a monoclonal antibody that recognizes a pair
of yeast nucleolar proteins (Broach, personal commu-
nication). The typical distribution of these antigens is
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unchanged in wt cells at 37°C, but it is grossly altered
in mtr2-1 (and mtr1-1) at 37°C (Figure 1). In most cells
the nucleolus fragments to yield two or three foci.
Comparable morphologic changes are not seen upon
incubation with cycloheximide (Oakes et al., 1993), upon
inhibition of mRNA synthesis in rpb1 at 37°C, or in wt
treated with thiolutin. Corresponding morphological
changes in the nucleolus of mtr2-1 were detected by
transmission electron microscopy and immunogold la-
beling (unpublished data).

Unexpectedly, after incubation of mtr2-1 at 37°C, the
accumulated polyA*RNA actually colocalizes with the
nucleolar fragments, whereas the chromatin-rich region
of the nucleoplasm (4,6-diamidino-2-phenylindole
[DAPI]-stained region) has much less polyA*RNA (Fig-
ures 1 and 5). The same observation is also made in
mtrl-1 incubated at 37°C for 1.5 h (Figures 1 and 5).
Thus, the sites of polyA*RNA accumulation in m#r2-1
and mtrl-1 at 37°C appear to be concentrated in the
nucleolus and distinct from the chromatin-rich nuclear
region where most RNA polymerase Il is located (Elliott
et al., 1992).

By performing parallel immunofluorescent studies of
mtr2-1 rpb1-1 and mirl-1 rpb1-1 double mutants, we
observe that the nucleolar fragmentation occurs only
when RNA polymerase Il is active (Figure 5). Thus, loss
of function of the MTR proteins does not itself alter the
nucleolus. The nucleolar changes are secondary to
strong nuclear accumulation of polyA*RNA that is ab-
sent in mtr2-1rpb1-1 (Figure 1) and mtr1-1rpb1-1 (Ka-
dowaki et al., 1992).

Identification of the MTR2 Gene

To clone the MTR2 gene, YTK200 (mtr2-1) was trans-
formed with a YCp50 yeast genomic DNA library. A
complementing 3.0-kb EcoRI-Xba I DNA fragment
was recovered (Figure 6). Integration of this fragment
into YPH259 followed by a genetic cross with YTK201
and analysis of tetrads proves that the complementing
DNA encodes the MTR2 gene (see MATERIALS AND
METHODS). The sequence of the 1.8-kb BgIII-Xbal
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Figure 3. Pre-mRNA splicing in mtr2-1. (A) Detection of actin pre-
mRNA and mature mRNA by RNase protection assay. Total RNA
isolated from YPH499 (wt, lane 1 and 2), 108 (prp5-1, lane 3 and 4),
and YTK200 (mtr2-1, lane 5 and 7) at 23°C and after 2 h incubation
at 37°C was analyzed to detect actin pre-mRNA and mature mRNA.
Lane 6 is total RNA isolated from YTK200 after 30 min incubation at
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23 37°
mtr2  wt ' " mtr2 wt '
P +5 P +5 P +5 +10 P +5 +10

B

Figure4. rRNA processing in mtr2-1. YTK200 (mtr2-1) and YPH499
(wt) were pulse-labeled with *H-methionine for 3 min (lanes 1 and
3, P) followed by 5 min chase (lanes 2 and 4, +5) at 23°C. YTK200
and YPH499 were also pulse-labeled for 3 min (lanes 5 and 8, P) after
20 min preincubation at 37°C followed by 5 (lanes 6 and 9, +5) and
10 min (lanes 7 and 10, +10) chase at 37°C. The labeled RNA (equal
amounts of radioactivity) was analyzed on a 1% agarose gel with
formaldehyde. Slowed processing is seen in the mutant, by comparison
to wt.

[
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DNA reveals one ORF that encodes a protein of 184
amino acids with a predicted molecular weight of 21
kDa (Figure 6). When this ORF is expressed from a
GAL1 promoter in mtr2-1, the transformant grows in
galactose medium at 37°C but not on glucose. MTR2
is a novel largely hydrophilic protein without signif-
icant homology to known proteins by BLAST (Al-
tschul et al., 1990) and FASTA (Pearson and Lipman,
1988) search, except E. coli mbeA (Boyd et al., 1989),
which is necessary for plasmid transfer during bac-
terial conjugation. Two-thirds of MTR2 (120 amino
acids) share 19.2% identity with N-terminal of mbeA
(Figure 6). It has a putative nuclear localization signal
(residues 136-139) but no obvious RNA-binding mo-
tif. The MTR2 gene was physically mapped to the left
arm of chromosome XI (Riles et al., 1993). The codon
adaptation index value of MTR2 is 0.113 (Sharp and
Li, 1987).

When one MTR2 gene is disrupted (by insertion of
LEU?2) in a diploid strain and the diploid is then spor-
ulated, only two spores are recovered from each tetrad.
All viable spores are LEU™, indicating that the MTR2

37°C. Yeast tRNA is used as a hybridization control (lane 8). MW
designates *?P-labeled Hae III fragments of pBR322. (B) Detection of
lacZ pre-mRNA and mature mRNA by primer extension. Total RNA
isolated from yeast transformed with a plasmid encoding a lacZ pre-
mRNA with a synthetic intron (Acc®). SL7 (wt, lanes 1-3) and YTK203
(mtr2-1, lanes 4-6) 0, 2, and 4 h after galactose induction at 37°C
were analyzed by primer extension. MW indicates **P-labeled Hae III
fragments of pBR322. Both A and B document the continued pro-
duction of spliced mRNA in mtr2-1 at 37°C.

Molecular Biology of the Cell



mtr2-1
mtr2-1rpbl-1
mtrl-1
mtri-irpbl-1
Figure 5. Distribution of nucleolar antigens
in mtr2-1 and mtr2-1 rpb1-1. The distribution
of nucleolar antigens in YTK200 (mtr2-1, A and
F), YTK202 (mtr2-1 rpb1-1, B and G), YTK102
(mtr1-1, C and H), YTK105 (mitr1-1 rpb1-1, D
and I), and RY260 (rpb1-1, E and J) was mon-
itored with monoclonal antibody YN9C5 (A-
E). (Comparable observations were made with
an anti-NOP1 antibody). Cells were incubated
at 37°C for 30 (YTK200, YTK202) or 90 min rpbl-1

(YTK102, YTK105, RY260). F-J are the DAPI
images corresponding to A-E. Note that nu-
cleolar fragmentation is not seen in the double
mutant. It is also absent in m#r1-1 rpb1-1 double
mutants at 37°C.

gene is essential. In addition, when YTK205 and YTK206
(which have a disrupted chromosomal MTR2 gene and
carry a URA3 MTR2 plasmid) were streaked on 5-fluor-
acetic acid (5-FOA) plates, no 5-FOA resistant colonies
appeared (unpublished data). Thus, MTR? is required
for vegetative growth.

Localization of MTR2
To determine the intracellular localization of MTR2, a
tagged MTR2 gene bearing the HA epitope at its C-
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DAPI

terminus was constructed. A centromeric plasmid car-
rying this construct can restore the viability of spores
in which the endogenous MTR2 gene is disrupted. At
this low level of expression, detection of the HA-epi-
tope-tagged MTR?2 protein in YTK206 was not possible.
After overexpression from a 2-um plasmid, however,
as shown in Figure 7A, MTR2 is detected by Western
blotting in the crude nuclear fraction, just as is the nu-
cleolar antigen, NOP1. To detect epitope-tagged MTR2

1259



T. Kadowaki ¢f al.

A

[ HindIII

—1— EcORI
— Bgliz
PstI
BamHI
Pstl
— BamHI
[ ECORV

—L— XbaI

&
F

B TAT GCT TAG GCT TTA CTG AAA AAA AMA ARG TAA AAA GAG GAT GCG CAA AOG CAT AGR GCA
AGT AAC TAA CCT GTT TIT ATA GTA TAT ACT TGG OCC CAC CAG GCT GAT COT CAG GCA AAA

1
OGC CAR ACT ART AAC AGT ANT AAC AGA ANT MIG ARC ACC AAT AGT ART ACT ATG GTA MG

met asn thr asa ser asn thr met val met
11
AKXT GAC GCA AAT CAA GCA CAR ATA ACO GCC ACA TTT ACG AMG ARG ATA TTA GOG CAT TTG
asn asp ala asn gln ala gln ile thr ala thr phe thr lys lys ile leu ala his leu
31
GAT GAT OCB GAC TCC AAC ARA TTG GOC CAA TTC GTA CAG CTT TTT AAT CCA ARC AAC TGC
AsP asp [x0 asp sar am lys leu ala gln phe val gln lsu phe asn pro asn asn cye
51
AGA ATA ATA TTT ANT GCT ACC OCC TTC GOG CAA GCA ACA GIT TTT CTG CAA AIG TOG CAA
arg ile ile phe asn ala thr pro phe ala gln ala thr val phe leu gln met trp gln
71
AAC CAG GTC GTA CAA ACA CAA CAT GCC CTA ACA GGA GTA GAC TAT CAC OCT MIT COG Q@A
asn gln val val gln thr gln his ala leu thr gly val asp tyr his ala ile pro gly
91
JCC GGC ACS TTG ATA TGC AAC GTC ANT TGC AAA GTC AGA TTC GAC GAA AGC GGC AGR GAC
ser gly thr leu ile cys asn val am cys lys val arg phe asp glu ser gly arg asp
111
ARG ATG GGG CAA GAC GO AT GTT CCC ATT CAA CCA AAT AMC ACT GAG ARC AGR AAT CQA
lys met gly gln asp ala thr val pro ile gln pro asn asn thr gly asn arg asn arg
131
CCC AAC GAT ATG AAC ARG CCA AGA CCT CTA TGG GGT CCA TAT TTT GGC MT TCC CTG CAG
PYo amn asp met amn lys pro arg pro leu trp gly pro tyr phe gly ile eer leu gln
151
CTG XIC MIC GAC GAC CGC ATA TTT AGA AAT GAT TTT AN GGT GTA MTA TOG GAG TTT ANC
leu ile ile asp asp arg ile phe arg asn asp phe amn gly val ile ser gly phe amn
860/22.
mmmmmmmmmmmmmm‘mmmwmm
tyr asmn met val tyr lys pro glu asp ser leu leu lys ile N8B

CTA CCA GGG AAMA AAC AAA MIT ATA TAG AAA AGA AGG TAA GTA ATA AGT AAT ACG AAA AAA
CCC AAA AAA AMA MIT CAA ATA CCC CAA CCC TGT GCC CTT TCT ATT TTT MG GTT GAA AAG

OTT ACA GAQGAT CCF

c 10 20 30 40 50 60
MTR2 musmmmmomnumxumwnsmmunmxmnpn

A LN R I S e Y
mbeA mmmexewsmvnmmnmammmlmn
10 20 30 40 50

70 80 90 100 110
Hmmuanwmmmmosmmmmmuv

I o
nnm?mmmnmsmme—mmvsummmumr
60 70 80 90 100

120 130 140 150 160 170
PIQPNRTGNRNRP—-NOMNKPR-PLWGP YFGISLQLIIDDR IFRNDF NGV ISGFNYNMVY - - - 184

| AL A L
PNMELQTGKRLOPYYDRADRPR I DAWQT LYNHH YGLHDPNAPENRRTLTLPDNLPETKQA - - -517
110 120 130 140 150 160

Figure 6. Sequence of the MTR2 gene. (A) Restriction map of the
3-kb EcoRI-Xba I DNA fragment containing the MTR2 gene. The ORF
of MTR2 is shown by the open box, and the transcriptional direction
is indicated by the arrow. (B) The nucleotide and predicted amino
acid sequence of MTR2. The two BamHI sites used for gene disruption
are underlined. The insertion site of HA-epitope is shown by arrow-
head. (C) Homology between MTR2 and E. coli mbeA. The sequence
alignment was made by FASTA. The identical and similar amino acids
between two proteins are shown by solid and dot line, respectively.

by immunofluorescence, it was necessary to drive its
expression from a strong GAL1 promoter. Figure 7B
shows that the antigen is concentrated in the nucleus.
Thus, although the overexpression of this protein might
affect its intracellular localization, MTR2 is likely to be
concentrated in the nucleus.
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DISCUSSION

Inhibition of mRNA Export

The mtr2-1 mutant was recovered by use of *H-amino
acid suicide enrichment and screening by fluorescent in
situ hybridization to detect nuclear accumulation of
polyA*RNA at 37°C (Kadowaki et al., 1992, 1994). This
nuclear polyA*RNA signal suggests that mtr2-1 is de-
fective in mRNA export. Further evidence of the mRNA
export block comes from the following: 1) the obser-
vation of inhibition of protein synthesis, 2) the lack of
-galactosidase activity in Acc® and pLGSD5 transfor-
mants at 37°C, despite ongoing lacZ mRNA synthesis,
3) subcellular fractionation experiments allowing eval-
uation of the distribution of >H-uridine-labeled
polyA*RNA, and 4) the polyA tail length increase.

The mtr2-1 mutation does not affect pre-mRNA
splicing nor tRNA processing at 37°C. In addition, the
synthesis of mRNA, tRNA, and rRNA continue at the
restrictive temperature. On the other hand, rRNA pro-
cessing is somewhat slowed. This could be an indirect
effect of nucleolar fragmentation or of reduced mRNA
export, considering that the synthesis and processing of
rRNA is under many controls (Warner, 1989; Woolford,
1991); however, some mtr mutants do not exhibit any
obvious rRNA processing defect at the restrictive tem-
perature. Because 185 rRNA is synthesized at 37°C,
rRNA transport to the cytoplasm must continue, despite
the nucleolar fragmentation for =30 min after temper-
ature shift (Udem and Warner, 1973).

Intranuclear Distribution of polyA*RNA

In mtr2-1 the focal accumulation of polyA*RNA in the
nucleus is detected by in situ hybridization within 20
min at the restrictive temperature, and its pattern does
not change during 3 h at 37°C. This is by contrast to
mtr1-1, for which polyA*RNA initially is focal and ul-
timately appears to fill the nucleus. Because the focal
accumulation of polyA*RNA in these mutants does not
completely overlap with the DAPI-stained region, we
suggest that the focal accumulation corresponds to a
normally-occurring intermediate along the path of
transport to the nuclear periphery. This intermediate
may be exaggerated or distorted in the mutant back-
ground.

When mRNA synthesis occurs in mtrl-1 and mtr2-1
at 37°C, the nucleolus fragments and the accumulated
polyA*RNA coincides with foci containing nucleolar
antigens. There are several ways to explain these ob-
servations; however, the simplest is that transport of
polyA*RNA in the nucleus normally involves nucleolar
components and that an overabundance of nuclear
polyA*RNA leads to their disorganization. Possibly,
polyA*RNA actually passes through the nucleolus be-
fore export. A possible function of the nucleolus in
transport and/or splicing of RNA other than rRNA is
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Figure 7. Localization of MTR2. (A) Subcellular localization of HA-epitope—tagged MTR2, subcellular fractionation. Fifty micrograms of
protein of total (T), cytosol (C), and crude nuclear (CN) fractions obtained from YTK209 were separated on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by Western blot analysis using either A66 (anti-NOP1) or 12CA5 (anti-HA) monoclonal antibody.
Both antigens are concentrated in the nuclear fraction. +, a cytosolic protein recognized by 12CA5 in addition to HA-epitope—tagged MTR2.
(B) Subcellular localization of HA-epitope-tagged MTR2, indirect immunofluorescence. YTK203 (mtr2-1) transformed with either pTK209
(control, lacking epitope; A and B) or pTK210 (HA-tagged MTR2, C and D) was grown in 2% galactose medium at 30°C and then analyzed
by indirect immunofluorescence using 12CA5. B and D illustrate the corresponding DAPI images. Note the nuclear concentration of tagged

MTR2.

also suggested by several other observations: (1) in an-
imal cells myc and myoD mRNAs are concentrated in
the nucleolus (Bond and Wold, 1993), (2) nucleolar
ablation interrupts gene expression (Deak et al., 1972),
(3) 5S and small nucleolar RNAs normally are concen-
trated in the nucleolus (Fournier and Maxwell, 1993),
(4) in animal cells, the viral rev and rex proteins, which
control splicing of viral pre-mRNA, include a nucleolar
targeting sequence (Nosaka et al., 1989), (5) a protein
of the U1 snRNP has been reported to be concentrated
in the nucleolus of yeast (Potashkin et al., 1990), and
(6) 2,2,7-trimethylguanosine—capped RNA (a deter-
minant that is shared by snRNAs involved in mRNA
processing and rRNA processing) (Fournier and Max-
well, 1993) is concentrated in the nucleolus of yeast
(Potashkin et al., 1990). In addition, our ongoing
studies have shown that polyA*RNA is normally de-
tectable in the yeast nucleolus and that a conditional
mutation in the nucleolar protein, MTR3, leads to ac-
cumulation of polyA*RNA in association with nu-
cleolar antigens.

If MTR2 is essential for transit of polyA*RNA through
the nucleolus, the buildup of polyA*RNA in the mtr2-
1 nucleolus could force its fragmentation. Moreover, if
MTR2 normally binds both polyA*RNA and nucleolar
components, it is possible that the nucleolar proteins
that we detect require MTR2 for their coherence (i.e.,
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in the presence of excessive amounts of polyA*RNA in
the mutant background, MTR2 function becomes lim-
iting and the nucleolus fragments. Additionally, like
certain nuclear and nucleolar proteins of animal cells
(Borer et al., 1989; Pinol-Roma and Dreyfuss, 1992;
Schmidt-Zachman et al., 1993), the nucleolar proteins
studied here may normally cycle between the nucleus
and cytoplasm. If their transport requires MTR2—most
of which may be sequestered by the accumulated
polyA*RNA—the foci to which they redistribute may
be an intermediate along the path of their return from
the cytoplasm to the nucleolus.

Nevertheless, nucleolar organization and polyA*RNA
distribution/processing are not always closely linked.
For example, an anatomically normal nucleolus is absent
in RNA-polymerase I deficient strains that, nevertheless,
are viable if rRNA is transcribed by RNA-polymerase
II (Oakes et al., 1993). Extensive depletion and temper-
ature-sensitive mutations of the essential multifunc-
tional nucleolar protein, NOP1 (Tollervey ef al., 1991,
1993), do not lead to nuclear accumulation of
polyA*RNA. Interruption of rRNA processing in ts mu-
tants rrp2 (Shuai and Warner, 1991) and rrp1 (Fabian
and Hopper, 1987) does not lead to nuclear accumu-
lation of polyA*RNA, and interruption of mRNA syn-
thesis in rpb1-1 (Nonet et al., 1987) at 37°C or by use
of thiolutin does not cause nucleolar fragmentation. As
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mentioned in the INTRODUCTION, fragmentation of
nucleoli is characteristically linked to inhibition of RNA
polymerase 1. The example of mtrl and mtr2 demon-
strates that other factors also control nucleolar coher-
ence.

Identification of MTR2 and Its Possible Functions

MTR2 is a novel 21-kDa essential protein that is likely
to be concentrated in the nucleus. The modest homology
between MTR2 and mbeA suggests that they may share
similar functions. E. coli mbeA is one of the mobilization
(mob) gene products that are thought to be necessary
for the specific nicking at oriT, directing the 5’ end of
the nicked strand into the recipient, recircularization,
and the priming of complementary strand synthesis in
the recipient (Boyd et al., 1989). One possibility is that
MTR2 may act in a related way and pilot mRNA trans-
port in the nucleus after transcription. Further work will
be needed to address this hypothesis.

Nucleolar fragmentation and polyA*RNA colocali-
zation with nucleolar proteins are observed in both m¢r2-
1 and mtr1-1, which has a defect in a putative guanine
nucleotide release protein which acts on small nuclear
GTPases (CNR1/2) (Kadowaki et al., 1993). MTR2 could
be a down-stream effector or a GAP (GTPase-activating
protein) of these GTPases, but no suppression of tem-
perature sensitivity was observed in m#r2-1 transformed
with high copy number plasmids carrying either MTR1
or CNR1/2. Similarly, transformation of mtr1-1 with a
high copy number plasmid carrying MTR2 did not res-
cue its temperature-sensitive growth.
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