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In a screen to identify genes required for mRNA export in Saccharomyces cerevisiae, we isolated an allele of
poly(A) polymerase (PAPI) and novel alleles encoding several other 3’ processing factors. Many newly isolated
and some previously described mutants (rnal4-48, rnal4-49, rnal4-64, rnal5-58, and pcfli-1 strains) are
defective in polymerase II (Pol II) termination but, interestingly, retain the ability to polyadenylate these
improperly processed transcripts at the nonpermissive temperature. Deletion of the cis-acting sequences
required to couple 3’ processing and termination also produces transcripts that fail to exit the nucleus,
suggesting that all of these processes (cleavage, termination, and export) are coupled. We also find that several
but not all mRNA export mutants produce improperly 3’ processed transcripts at the nonpermissive temper-
ature. 3’ maturation defects in mRNA export mutants include improper Pol II termination and/or the
previously characterized hyperpolyadenylation of transcripts. Importantly, not all mRNA export mutants have
defects in 3’ processing. The similarity of the phenotypes of some mRNA export mutants and 3’ processing
mutants indicates that some factors from each process may mechanistically interact to couple mRNA pro-
cessing and export. Consistent with this assumption, we present evidence that Xpolp interacts in vivo with
several 3’ processing factors and that the addition of recombinant Xpolp to in vitro processing reaction
mixtures stimulates 3’ maturation. Of the core 3’ processing factors tested (Rnal4p, Rnal5p, Pcfl1p, Hrplp,
Fiplp, and Cftlp), only Hrplp shuttles. Overexpression of Rat8p/Dbp5p suppresses both 3’ processing and

mRNA export defects found in xpol-1 cells.

One of the defining features of eukaryotic cells is the phys-
ical separation of the nucleus, where mRNAs are synthesized,
from the cytoplasm, where protein synthesis occurs. Gene ex-
pression and cell function require the efficient transport of
macromolecules between these two compartments. All ex-
change between the nucleus and cytoplasm takes place through
nuclear pore complexes (NPCs) that perforate the nuclear
envelope and permit selective passage in both directions of
molecules and complexes containing transport signals. Inter-
actions between the import substrate or complex and NPC are
mediated by import or export receptors that bind directly to
specific transport signals on the substrate and NPCs. Direc-
tionality of this process is imparted through the activity of a
small GTPase (Gsplp in Saccharomyces cerevisiae and Ran in
metazoans) that modulates the receptor’s affinity for the sub-
strate on opposite sides of the nuclear envelope.

Export of mRNA to the cytoplasm appears to be more
complex than transport of proteins. mRNAs are exported as
messenger ribonucleoprotein complexes (mRNPs) whose as-
sembly begins during transcription (27, 55). mRNA biogenesis
requires multiple processing steps including 5" capping, splic-
ing, and 3’ cleavage or polyadenylation. Most of these reac-
tions are accomplished during transcription by several protein
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complexes, components of which associate physically with the
transcribing polymerase (for a recent review, see reference 68).
In addition, several general mRNA-binding proteins are de-
posited on the transcript during its synthesis. These proteins
are thought to package the mRNA for efficient and accurate
processing, and many are components of the RNA-protein
complex physically transported to the cytoplasm. Prior to
mRNA export, all pre-mRNA processing steps must be com-
pleted, and the complexes that process the pre-mRNA must be
removed.

Characterization of splicing both in vivo and in vitro indi-
cates that pre-mRNA processing has a complex linkage to
mRNA transport. Inhibition of splicing (temperature-sensitive
[ts] mutants of splicing factors or deletion of splicing signals)
prevents transcripts from being exported unless the mutation
affects the initial association of the pre-mRNA with the splic-
ing machinery (11, 14, 36, 51). Both in vitro and in vivo, splicing
results in the deposition of specific proteins onto the transcript
which enhance the rate of mRNA export (45, 47, 52-54, 56,
93). These factors include the Aly-Ref complex, and efficient
association of the complex with mRNAs requires the activity of
UAP56, a spliceosome-associated RNA helicase (57, 82). Once
Aly-Ref are deposited onto the mRNA, Aly-Ref interact with
the essential export factor (TAP in metazoans; Mex67p in
yeast) which mediates interactions with the nucleoporins re-
quired to translocate through the NPC (38, 77, 81-83).

Although splicing is an essential step in the formation of
almost all metazoan mRNAs, about 95% of S. cerevisiae genes
lack introns. Nevertheless, Yralp, the yeast homologue of Aly,
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associates with transcribing RNA polymerase II (Pol II) in
yeast, is transferred to both intron-containing and intron-lack-
ing transcripts during transcription, and is required for mRNA
export (55, 83). Yralp interacts directly with Sub2p, the yeast
homologue of UAPS56, which is also essential for efficient
mRNA export (55, 82). It has been suggested that Yralp and
Sub2p are loaded onto all yeast mRNAs via the THO complex
(complex of Tho2p, Hprlp, Mftlp, and Thp2p) previously im-
plicated in transcriptional elongation (15, 16, 25, 66). This
THO-Sub2p-Yralp complex, collectively called the TREX
(transcription and/or export) complex, is specifically recruited
to activated genes during transcription and travels with the
polymerase (84).

All eukaryotic mRNA transcripts undergo 3’ maturation
before export. This maturation involves endonucleolytic cleav-
age within the 3’ untranslated region (3'UTR) followed by
addition of a poly(A) tract which forms the 3’ end of the
mRNA. cis-acting signals in the 3’'UTR of the nascent tran-
script direct an evolutionarily conserved complex of proteins to
the proper cleavage site (59, 90). More than a dozen polypep-
tides organized into three subcomplexes participate in 3" pro-
cessing. One of these subcomplexes, cleavage factor I (CFI) of
S. cerevisiae, specifically recognizes these cis-acting elements
and couples the cleavage reaction to polyadenylation and to
the termination of Pol II transcription (8, 33). The finding that
mRNASs accumulate in the nuclei of yeast cells carrying some
temperature-sensitive (ts) alleles affecting components of CFI
or poly(A) polymerase indicates that the addition of a poly(A)
tail is required for efficient export (11). Defects in the 3-globin
polyadenylation signals cause these transcripts to be retained
at the site of transcription (21). Furthermore, mRNAs whose
3’ ends are generated by mechanisms other than normal 3’
processing cannot be exported (24, 43).

Several factors specifically required for mRNA export have
been identified by this and other laboratories (for recent re-
views, see references 20 and 89). Whether a karyopherin and
the Ran/Gsplp system are directly involved in mRNA export is
not known. In strains carrying ts mutations of Gsplp’s effector
molecules (Prp20p and Rnalp), as well as the nuclear export
signal (NES) export receptor, Xpolp, mRNAs rapidly accu-
mulate in nuclei following a shift to the nonpermissive tem-
perature. However, this could be an indirect consequence of a
block in protein transport. Consistent with the view that Xpolp
plays an indirect role in mRNA export, mRNAs microinjected
into Xenopus oocytes can be exported under conditions where
Ran (Gspl) function and Ran-dependent protein export are
severely compromised (19).

In this paper, we used a flow cytometry-based screen to
identify mutants defective for mRNA export after stress, and
we isolated novel alleles of genes encoding 3’ processing fac-
tors. We analyzed 3’ processing and export in these and other
3’ factor mutant strains and in a strain carrying an allele of
CYC1 (cycl-512) which lacks 3’ processing signals. We find
that cleavage and polyadenylation at the normal 3" processing
site and mediated by the normal processing machinery are
necessary but not sufficient for mRNA export. Some of the new
3’ processing mutations differ from previously characterized
alleles in retaining some 3’ processing activity in vitro and in
producing polyadenylated mRNAs in vivo whose accumulation
in the nucleus can be readily detected at the nonpermissive
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temperature. This suggests that 3’ processing and mRNA ex-
port are coupled at a step in mRNA biogenesis dependent
upon proper cleavage and polyadenylation.

We also analyzed 3’ pre-mRNA processing in cells carrying
mutations affecting several proteins important for mRNA ex-
port. We observed strong defects in 3’ processing and Pol II
termination in strains carrying ts mutations affecting Xpolp,
Mex67p, and Kap104p but not in strains carrying ts mutations
affecting Rat7p/Nup159p, Yralp, or Sub2p. Among mRNA
export mutants defective for 3’ processing and termination, the
defects of xpol-1 cells were completely suppressed by overex-
pression of Rat8p/Dbp5Sp, as was the mRNA export defect of
xpol-1 cells (41). Rat8p/Dbp5p overexpression did not lead to
suppression of these defects in any other mutant strains. Al-
though most 3’ processing factors do not shuttle, we describe
two-hybrid interactions between Xpolp and several compo-
nents of the 3’ processing machinery and report that addition
of recombinant Xpolp stimulates in vitro 3’ processing. These
studies provide evidence that 3" processing and mRNA export
are not sequential but are interdependent.

MATERIALS AND METHODS

S. cerevisiae strains, cell culture, and isolation of mutants. The S. cerevisiae
strains used in this study are listed in Table 1. Strains were cultured by standard
methods (78), using rich (yeast extract-peptone-dextrose [YPD]) or defined
(complete synthetic [CS]) medium lacking the appropriate amino acids. Tem-
perature-sensitive mutants were grown at 23°C (permissive temperature) or
shifted to 37°C (nonpermissive temperature). Genetic techniques were per-
formed by standard methods (70, 78). A mutant yeast library was created by
subjecting yeast strain CHY167 [containing at the SSA4 locus an allele encoding
a fully functional Ssa4p-GFP (pCH19) (green fluorescent protein) fusion] to UV
light. To induce mutations, CHY167 cells were plated as single cells on YPD agar
plates and inverted on an UV trans-illuminator (Fotodyne) (300-nm-wavelength
light) for 9 or 10 s. This duration of UV irradiation resulted in the death of 50%
of the cells. The remaining cells were allowed to grow at 23°C to form colonies.
These colonies were then transferred from plates to fresh 15% glycerol, snap-
frozen, and stored at —80°C.

Approximately 4 X 10° cells were sorted at 4°C using a FACSTAR cell sorter
(Becton Dickinson). The sorting window was set to allow isolation of the darkest
1% cells, which would have included live cells which could not produce Ssadp-
GFP as well as dead cells and large cell fragments. Approximately 24,000 colo-
nies grew on YPD plates. These colonies were then screened to identify the
temperature-sensitive ones, and approximately 90 temperature-sensitive colonies
were identified. These colonies were transformed with a high-copy-number plas-
mid encoding SSA4 and analyzed individually to identify those which accumu-
lated SS44 mRNA in nuclei after a shift to 42°C.

Approximately 400 colonies from our original collection of 1,200 temperature-
sensitive strains were also screened for SS44 mRNA accumulation (5). Each
clone from the library was transformed with a high-copy-number SSA44 plasmid.
To identify mutants defective for export of SS44 mRNA after heat shock, we
combined mutant strains (400 total transformants in the first pass) into 100 pools,
each containing four separate strains, and used in situ hybridization to identify
those which accumulated SS44 mRNA in their nuclei after 1 h of heat shock
treatment at 42°C. Strains from pools which contained positive cells were re-
screened individually. Ten strains with the desired phenotypes were selected, and
the defective genes were cloned by complementation.

In situ hybridization. To localize poly(A) mRNA, in situ hybridization using
an oligo(dT)s, probe was performed essentially as described previously (5). For
CYCI mRNA and $S44 mRNA localization, PCR products containing digoxi-
genin-dUTP and complementary to the open reading frame (ORF) of CYCI or
the 3'UTR of SSA44 were used as previously described (75). To localize CYCI
and cycl-512 mRNAs, FY23 cells were transformed with plasmids containing
either the wild-type (pGCYC1) or mutant (pGceycl-512) and grown overnight in
SC medium with 2% dextrose or 2% galactose but lacking tryptophan.

Northern hybridization analysis. RNA extraction was performed by the
method of Pikielny and Rosbash (65). Northern hybridization analysis was per-
formed using 10 pg of total RNA, in the same manner as outlined previously (5).
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Origin or reference
FY86 MATa trpl A63 ura3-52 leu2A F. Winston
FY23 MATo ura3-53 leu2Al his3A200 F. Winston
LGyl101 MATo rat7-1/nup159-1 his3A200 ura3-52 leu2Al 30w
CSy550 MATa ura3-52 trpl A63 leu2Al rat8-2 79
CHY167 MATo ura3-52 leu2Al his3A200 + pCH19 (Ssad4p-GFP in YIPlac211) This study
CHY119 MATao ura3-53 leu2Al his3A200 Aripl::HIS3 76
CMHy37.3B MATa rmal4-37 ura3-52 leu2Al his3A200 This study
CMHy48.1B MATa rnal4—48 ura3-52 leu2AI1-63 This study
CMHy49.1D MATa rmal4-49 ura3-52 leu2Al This study
CMHy64.2A MATa rnal4-64 ura3-52 leu2Al his3A200 This study
CMHy23.1B MATa papl-23 ura3-52 leu2Al This study
CMHy58.1A MATa ura3-52 leu2Al his3DA200 rnal5-58 This study
DAts389 MATo ura3-52 leu2Al hisA200 rnal4-389 This study
DAts244 MATo ura3-52 leu2Al hisA200 rnal5—244 This study
DAts433 MATo ura3-52 leu2Al hisA200 fipI-433 This study
rmal5-2 W MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 rnal5-2 7
rnal4-1 W MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 rnal4-1 7
NAS57 MATa ura3-1 trplA ade2-1 leu2-3,112 his3-11,15 pcfl1::TRP1 + pFL36(pcf11-1) 7
NA64 MATa ura3-1 trplA ade2-1 leu2-3,112 his3-11,15 pcfl11::TRPI + pFL36(pcf11-2) 7
rnal-1 mutant MATa mal-1 ura3™ leu2™ gal* trpl~ 42
prp20-1 mutant MATa trpl1A63 leu2Al ura33-52 prp20-1 28
xpol-I mutant MATa ade2-1 ura3—1 his3-11,15 trpl1-1 leu2-3,112 canl-100 xpol::leu2 + pRS313xpol-I1 80
mex67-5 mutant MATa ade2 leu2 ura3 his3 trpl mex67::HIS3 + pmex67-5 (TRP1 CEN) 77
yral-1 mutant MATa ade2 leu2 ura3 his3 trpl yral7::HIS3 + pyral-1 (TRP1 CEN) 83
sub2-85 mutant MATa ura3 his3m leu2 trpl sub2::kanMX4 + pTRP-sub2-85 82
kap104-16 mutant MATa, kap104::HIS3 trpl-1 ura3-52 his3A200 leu2-3 lys2—1 + pRS314kap104-16 2
EGY48 MATo trpl ura3 LEU2::plexop6-LEU2 E. Golemis
RFY206 MATa his3 ura3 trpl lys2 E. Golemis

Poly(A) tail length measurement. The method of Forrester et al. (28) was
used. Ten micrograms of total RNA was digested with 2 wg of bovine pancreatic
RNase per ml and 1,000 U of RNase T; per ml to produce a RNA population
consisting only of poly(A) tails. Each RNA sample was then end labeled with 100
wCi of [5'-3P]cytidine 3',5" bis(phosphate) (NEN Life Science Products, Boston,
Mass.) in a solution containing 50 mM Tris-HCI (pH 7.9), 15 mM MgCl,, 3.3 mM
dithiothreitol (DTT), 2% (vol/vol) dimethyl sulfoxide, 10 mg of bovine serum
albumin per ml, 25 pM ATP, and 10 U of T4 RNA ligase for 21 h at 4°C. RNA
samples were then extracted with phenol and precipitated with ethanol. Pellets
were then resuspended in a solution containing 96% formamide, 0.1% bromo-
phenol blue, and 0.1% xylene cyanol, denatured by boiling, and resolved on a
10% polyacrylamide—1 M urea-TBE (Tris-borate-EDTA) gel. Gels were dried
and exposed to X-Omat Blue film (Kodak, Rochester, N.Y.).

Expression and purification of recombinant Xpolp and Xpolp™**¢ from
Escherichia coli. The ORF of XPOI was amplified from genomic DNA and
cloned into pGEX-3X to create a C-terminal fusion to glutathione S-transferase
(GST) (pCMHO036). A fragment containing the leptomycin-sensitive region of
XPO1733°€ was subcloned from pDCerm 17237 and used to replace the wild-type
portions of pCMHO036, creating pCMHO037. For protein expression, a one-liter
culture of E. coli strain BL21(DE3) transformed with the appropriate plasmid
was grown to an optical density at 600 nm of 0.7 at 37°C. Production of the fusion
protein was induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for
1 h at 28°C. Cells were washed once in phosphate-buffered saline plus 1 mM
phenylmethanesulfate fluoride (PMSF) and then resuspended in 7.5 ml of lysis
buffer (250 mM KCI, 50 mM Tris [pH 8.0], 1 mM EDTA, 0.5 mM DTT, 10%
glycerol, 0.5% Nonidet P-40) plus protease inhibitors (1 mM PMSF, 2 uM
pepstatin A, 0.6 uM leupeptin). Cells were lysed by a freeze-thaw cycle, and the
lysate was clarified by 30 min of centrifugation at 90,000 X g and then diluted 1:1
in lysis buffer without KCI. For affinity purification, 0.5 ml of glutathione-agarose
beads (Pharmacia) was equilibrated with three 15-ml washes in bind/wash buffer
(150 mM KCl, 20 mM Tris-Cl [pH 8.0], 0.2 mM EDTA, 0.5 mM DTT, 0.5%
[volvol] Triton X-100, 10% [vol/vol] glycerol, and protease inhibitors). The
lysate was brought to a volume of 15 ml with bind/wash buffer and incubated with
beads at 4°C for 1 h. After extensive washing with bind/wash buffer, bound
proteins were removed by incubation in 1 ml of bind/wash buffer plus 50 mM
reduced glutathione for 1 h. Proteins were dialyzed twice for 90 min with buffer
D (50 mM KCI, 20 mM Tris-Cl [pH 8.0], 0.2 mM EDTA, 0.5 mM DTT, 10%

[vol/vol] glycerol, and protease inhibitors), frozen in liquid nitrogen, and stored
at —80°C.

RNA processing assays. Capped, *?P-labeled mRNAs were prepared by runoff
transcription from plasmid pJCGALT7-1 by the method of Chen and Moore (17).
RNA containing approximately 250,000 to 280,000 cpm was used per reaction
mixture, equivalent to a final substrate concentration of 10 nM. Each reaction
was performed in a volume of 20 pl, using 1 ul of whole-cell extract prepared as
described previously (17). Each reaction mixture contained 1 mM ATP, 10 mM
creatine phosphate, 1 mM magnesium acetate, 75 mM potassium acetate, 2%
polyethylene glycol 8000, 1 mM DTT, 0.1 mg of bovine serum albumin (New
England Biolabs) per ml, 0.4 U of RNasin (Promega), and 10 nM radioactive
RNA precursor. For assays using leptomycin B (LMB), extracts were preincu-
bated for 1 h with 10 nM LMB before addition to the reaction mixture. Reaction
mixtures were assembled on ice and incubated at 4°C for 10 min and then at 30°C
for 20 min. Reactions were stopped by the addition of proteinase K and sodium
dodecyl sulfate as described previously (17), the reaction mixtures were brought
to a volume of 30 wl with TE (10 mM Tris-Cl [pH 7.5], 1 mM EDTA), and RNA
was extracted once with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/
vol). One-tenth of the reaction mixture was resolved on a 5% acrylamide-8.3 M
urea gel and visualized using a Storm 960 PhosphorImager (Molecular Dynam-
ics).

Two-hybrid constructs. ORFs were amplified using PCR with oligonucleotides
which introduced restriction sites. The pEG202-CRM1 bait construct was ob-
tained by cloning the coding region of CRMI as an EcoRI-Xhol PCR fragment
into the pEG202+PL vector (HIS3, 2um) cut with EcoRI and Xhol. The LexA-
Crmlp fusion protein encoded by this construct lacks the C-terminal region of
Crm1p (about 100 amino acids). This pEG202-CRMI1 bait construct fully rescues
a CRM1 disruption, indicating that the fusion protein is functional. The pEG202-
CRM1-T539C mutant construct (LMB sensitive) was obtained by replacing the
Apal-Dralll restriction fragment of pEG202-CRM1 by the corresponding re-
striction fragment from pDC-CRM1-T539C (63). pEG202-CSE1 was obtained
by cloning the CSE! coding region as a BamHI-Sall PCR fragment into pEG202
cut with the same enzymes.

Prey constructs were obtained by inserting the coding regions of PABI and
SRPI (as an Xhol PCR fragment), RNAI5 (as an EcoRI-Xhol PCR fragment),
and CLPI (as an EcoRI PCR fragment) into the pJG4-5 (TRPI, 2pm) prey
vector cut with the same enzymes, in frame with the B42 trans-activation domain
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and under the control of the galactose-inducible GALI promoter (71). The ORF
of RNAI4 was inserted as a Xhol PCR fragment into the prey vector pACTII
(LEU2, 2pum) cut with Xhol, in frame with the Gal4 activating domain. pACTII-
PCFI1 encodes the C-terminal portion of Pcfl1p (codons 271 to 452 [7]).
Two-hybrid strains and assay. Two-hybrid interactions were examined by
transforming the pEG202 bait constructs (HIS3, 2im) and pJG4-5 prey con-
structs (TRPI, 2um) into strains RFY206 and EGY48, respectively. Strains
EGY48 and RFY206 each contain the LacZ reporter pSH18-34 (URA3, 2jum).
The transformed EGY48 and RFY206 strains were mated, and diploids were
selected on medium lacking uracil, tryptophan, and histidine. The diploids were
subsequently tested for galactose-dependent activation of the reporter gene by
replica plating to selective plates containing 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside (X-Gal) and either 3% galactose or 1% raffinose in the pres-
ence or absence of 100 ng of LMB per ml. Two-hybrid interactions between
pEG202 bait and pACTII prey (LEU2, 2um) constructs were determined by
cotransforming the corresponding plasmids into a wild-type W303 strain con-
taining the LacZ reporter plasmid pSH18-34. Triple transformants were selected
on medium lacking uracil, histidine, and leucine and replica plated to selective
plates containing X-Gal and 2% glucose in the presence or absence of 100 ng of
LMB per ml to allow visualization of B-galactosidase reporter gene activity.

RESULTS

Identification of a novel class of mRNA export mutants.
Eukaryotic cells respond to stress in a variety of ways that
enable them to survive rapid environmental changes and re-
cover once these conditions no longer exist (26, 75). One of
these responses involves the inhibition of bulk mRNA export
while permitting transcriptional induction and efficient export
of heat shock mRNAs (75). Over the years, we and others have
identified several proteins important for mRNA export, includ-
ing a subset of nucleoporins, specific mRNA export factors,
mRNA-binding proteins, and components of the general nu-
clear transport machinery (89). Export of heat shock mRNAs
requires almost all of the proteins required for export of
mRNA under normal conditions. In addition, yeast cells car-
rying deletions of the nonessential nucleoporin RIPI/NUP42
grow normally and do not accumulate poly(A) RNA at tem-
peratures below 37°C but are completely defective for export
of all transcripts, including heat shock mRNAs, at 42°C or
following a 10% ethanol shock (76, 85).

S§SA4 encodes an S. cerevisiae Hsp70 protein whose tran-
scription is not activated until yeast cells sense stress (10). To
screen for additional mutants defective in mRNA export after
stress, we constructed a reporter protein by fusing the SSA4
ORF to GFP (Fig. 1A). To obtain uniform expression in all
cells, we inserted the construct encoding Ssa4p-GFP into the
SSA4 locus along with URA3. We monitored the expression of
Ssa4p-GFP using a fluorescence-activated cell sorter (FACS).
Wild-type cells containing the integrated SSA4-GFP fusion
were not fluorescent when grown to early log phase (Fig. 1B).
Transfer of these cultures to 42°C rapidly induced expression
of Ssadp-GFP, and the fluorescent reporter could be detected
within 2 to 5 min after the temperature shift (C. V. Heath and
C. N. Cole, unpublished results). In contrast to wild-type cells
(Fig. 1B), Ssad4p-GFP was not detectable when Aripl/nup42
cells were heat shocked for 1 h (Fig. 1C). Wild-type cells were,
on average, more than 100 times brighter than Aripl/nup42
cells. To determine whether we could use flow cytometry to
separate cells defective for heat shock mRNA export from
other cells, we mixed equal proportions of wild-type and Arip1/
nup42 cells, induced Ssadp-GFP expression by shifting to 42°C,
and sorted the mixture. Two fluorescent peaks were observed
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(Fig. 1D). Since the wild-type cells had TRPI/his3 genes and
the Aripl/nup42cells had trpl/HIS3 genes, we could readily
determine the proportion of each strain in the dark and bright
pools by plating cells on selective medium. Of the cells in the
dark pool, 83% were Aripl/nup42 cells, indicating that flow
cytometry could be used to enrich for mutants defective for
mRNA export.

To prepare new mutants, wild-type cells containing the in-
tegrated SSA4-GFP fusion were randomly mutagenized by UV
radiation, incubated at 42°C for 1 h, and sorted at 4°C to
prevent expression of the reporter gene while the samples were
being sorted. We isolated the darkest ~1% of the cells. From
~3 X 10° cells, we obtained 24,000 colonies, which were then
replica plated and incubated at 23 and 37°C to identify ts
strains. Approximately 90 strains, which grew well at 23°C and
did not grow at 37°C, were selected for further study.

From the ts population, we expected several classes of
“dark” mutants. Some should be defective in transcription,
some should be defective in pre-mRNA processing, others
should be defective in translation, and a fourth group should
be defective in mRNA export. To identify strains which accu-
mulated mRNA in their nuclei under nonpermissive condi-
tions, we transformed ts strains with a high-copy-number SSA4
plasmid and screened them by in situ hybridization to identify
those defective in SS44 mRNA export at 42°C. Some strains
failed to produce detectable S§S44 mRNA following heat
shock, presumably reflecting defects in transcription or, possi-
bly, processing; some strains showed a strong cytoplasmic sig-
nal for $S44 mRNA and were presumably defective in trans-
lation; and some strains accumulated SS44 mRNA in their
nuclei after heat shock. This last class, comprising 10 strains,
was studied further.

Standard genetic analyses showed that these 10 mutations
were recessive and fell into four complementation groups.
These strains were transformed with a CEN-based library and
then selected for complementation to restore growth at 37°C.
Three of the four complementation groups encoded 3’ pro-
cessing factors. These 3’ processing factors included the
poly(A) polymerase Paplp (one allele) and two components of
CFIA, Rnaldp (four alleles) and Rnal5p (one allele). These
strains are listed in Table 1. The four strains in the remaining
complementation group had a high rate of reversion. The
defective gene could not be identified, and these strains were
not studied further.

At the same time, we also screened 400 ts strains, prepared
for our initial mMRNA export mutant screen (5), for defects in
export of §S44 mRNA. By using this screen, we identified
additional alleles of RNAI4 and RNA15 and an allele of FIPI,
another 3’ processing factor (Table 1).

New ts alleles of CFI components accumulate polyadenyl-
ated RNA in their nuclei. We analyzed mRNA export in these
strains at 37°C using in situ hybridization with an oligo(dT)s,,
probe. In several of the strains (rnal5-58, rnal4-48, ral4-49,
and rnal4-64), accumulation of poly(A) RNA could be de-
tected as soon as 8 min after a shift to 37°C (Fig. 2) and in at
least 90% of cells. Other alleles (rnal4-37, rnal4-389, rnal5-
244, fip1-433, and papl-23) did not show significant nuclear
accumulation of poly(A) RNA (Fig. 2 and data not shown).
This group, like previously characterized alleles affecting CFI
proteins (rnal4-1, rmal5-1, ral5-2, papl-1, pcfl1-2, and all
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FIG. 1. Flow cytometry of Ssa4-GFP reporter strains. (A) Schematic representation of the inducible fluorescent reporter used in this screen.
Wild-type (B) or Aripl cells (C) containing an integrated SSA4-GFP reporter were sorted by FACS at 23°C or 1 h after the temperature shift to
42°C. In panels B to D, relative fluorescence is plotted on the x axis, and cell counts are plotted on the y axis. (D) An equal mixture of wild-type
cells and Arip! cells were mixed, incubated at 42°C for 1 h, and sorted. The two peak fractions were plated on selective media to determine the
relative proportion of each strain in each peak. Among those cells isolated in the dark fraction will be cells of either type which were no longer

alive at the time of sorting.

hrpl mutant alleles) and two ts alleles of another 3’ processing
factor (ptal-1 and ptal-2) rapidly lost both nuclear and cyto-
plasmic signals for poly(A) RNA after a shift to 37°C. This lack
of in vivo poly(A) tail production is consistent with previous
characterization of these alleles in other laboratories (7, 60, 67,
92). Interestingly, one allele of PCF11, pcfl1-1, did accumulate
nuclear poly(A) mRNA (Fig. 2). This allele has been shown to
produce hyperadenylated transcripts at its nonpermissive tem-
perature (7).

Nuclear accumulation of heat shock mRNA at 42°C was seen
in all cases, including those strains which did not show nuclear
accumulation of polyadenylated mRNA at 37 or 42°C. In the
latter strains, the defect in 3’ processing factors most likely pre-
vented formation of a poly(A) tail. Both Northern blotting (data
not shown) and the detection of SS44 mRNA at 42°C indicate
that the mRNAs were not rapidly degraded. In summary, all of
the strains we examined which were defective for 3’ processing
were also defective for export, including those which produced
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FIG. 2. New alleles affecting the 3’ processing machinery accumulate poly(A) RNA at the nonpermissive temperature. Wild-type or mutant
cells were grown at 23°C and shifted to 37°C for 8 min (8') or 1 h. Samples were then fixed, permeabilized, and probed with an oligo(dT)s, probe
to localize poly(A) RNAs. Both FITC [oligo(dT)] and Normarski images of the same fields are shown.

polyadenylated mRNA. This indicates that the presence of a
poly(A) tail is essential but not sufficient for mRNA export.
New ts alleles of CFI components are temperature sensitive
for 3’ processing in vitro. Because several mutants produced
polyadenylated transcripts at their nonpermissive temperature,
we tested their abilities to cleave and polyadenylate transcripts
in vitro. Extracts prepared from several strains (papl-23,
rmal5-58, and rnal4-64 cells) were able to carry out 3’ process-
ing at 23°C (Fig. 3A and B), though their activity was lower
than that seen in wild-type extracts. The processing activity of
these mutant extracts was thermolabile: extracts heated to
37°C for 5 min lost all processing activity, while wild-type
extracts retained activity after this treatment (Fig. 3C and D).

However, when extracts from rmal4-64 and rnal5-58 mutant
strains were combined and assayed at 30°C, these extracts
could complement each other (Fig. 3C and D). This contrasts
with results obtained using extracts of previously described
rmal4-1 and rnal5-2 alleles where no complementation be-
tween mutant extracts was seen (60). It is known that Rnal4p
and Rnal5p associate in vivo and that each requires the other
for stability (9).

Although rnal4-1 and ral5-2 extracts retain Paplp activity,
it is likely that each strain alone exhibits reduced Rnal4p and
Rnal5p activity. In contrast, in rnal4-64 cells, Rnal5p appears
to be relatively stable because an rnal4-64 extract can comple-
ment an rnal5-58 extract, while in rnal5-58 cells, Rnaldp ap-
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FIG. 3. Invitro 3’ processing analysis of new 3’ processing mutants and in vivo poly(A) tail lengths of mRNA export mutants and 3’ processing
mutants identified in this screen. (A) Extracts from wild-type (WT), pap1-23, rnal5-58, or rnal4-64 cells were incubated with an in vitro-transcribed
GAL7 3'UTR and dATP at 23°C to measure the in vitro cleavage activity of these strains. Lane (—), negative control. (B) Extracts from the same
strains were incubated with a precleaved, in vitro-transcribed GAL7 precursor at 23°C to measure polyadenylation efficiencies. (C and D) Coupled
cleavage and polyadenylation reactions (C) of the GAL7 3'UTR or polyadenylation reactions (D) of the same extracts heated to 37°C for 5 min
before addition to the reaction mixture at 30°C. In panels C and D, extracts from the various mutants were also mixed in equal proportions and
incubated with the same GAL?7 precursors to measure each extract’s ability to complement other defective extracts. (E and F) The poly(A) tail
length distribution of each mutant was determined by isolating total RNA from each strain that had been grown continuously at 23°C or shifted
to 37°C for 30 min. The resulting RNAs were digested to completion with RNases T, and A. The remaining oligo(A) and poly(A) fragments were
then end labeled with [**P]pCp and RNA ligase and resolved on 9% polyacrylamide-7 M urea-TBE gels. Poly(A) lengths of mRNAs from several
CFIA mutants isolated in this screen (E) or from several mRNA export mutants (F) are shown.
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pears to be stable. Most likely, the mutations in the new strains
do not result in complete lability of the mutant protein or
assembled complex, consistent with their retaining the ability
to produce some poly(A) RNA in vivo at 37°C.

New ts alleles have 3’ processing and polyadenylation de-
fects in vivo. The signals for 3'-end formation in S. cerevisiae
have been identified as several loosely conserved consensus
sequence elements and have been well characterized (34, 35,
90). These signals are also important for transcription termi-
nation. Recognition of these signal elements by the CFIA
complex (Rnaldp, Rnal5p, Pcfllp, and Clplp) couples 3’ pro-
cessing to Pol II termination (8, 72, 73). Mutations affecting
CFIA components result in the production of mRNA tran-
scripts with elongated 3'UTRs, consistent with the role of
CFIA in transcriptional termination.

Improper 3’ processing usually produces unstable mRNAs,
most likely due to rapid turnover of RNAs which lack a
poly(A) tail (28, 60, 62). Defects in transcriptional termination
also lead to unstable mRNAs whose extended 3'UTRs are
actively targeted by the nonsense-mediated decay pathway
(22). However, some yeast transcripts, including CUP! mRNA,
encoding copper metallothionein, are stable even when there
are defects in 3’ cleavage and/or polyadenylation (28). Prop-
erly processed CUPI mRNAs are ~600 nucleotides long and
are efficiently capped and polyadenylated in wild-type cells
(Fig. 4). Defective 3’ processing of CUPI mRNAs produces
elongated transcripts of various sizes which can be visualized
by Northern hybridization (28, 58).

We examined the production of CUPI mRNA in several
yeast strains carrying ts mutations affecting CFIA components.
All lanes of the gel were loaded to contain an identical amount
of rRNA (data not shown). When wild-type cells and several of
the mutant strains were shifted to 37°C, there was a dramatic
increase in the overall level of CUPI mRNA. In mutant cells,
elongated and improperly terminated CUP! transcripts were
produced at the nonpermissive temperature, consistent with
the essential role of 3’ processing factors in cleavage and ter-
mination (Fig. 4A). Some mutants also produced a substantial
amount of normal-length CUPI mRNA at 37°C, although the
extended transcripts were generally more abundant. CUPI
transcripts produced at both temperatures were polyadenyl-
ated (data not shown). Although we detected nuclear accumu-
lation of poly(A) RNA in these strains (Fig. 2), we were not
able to localize CUPI transcripts by in situ hybridization.

We also measured the lengths of the poly(A) tails produced
in cells carrying these new alleles. Figure 3E shows that the
tails produced in these mutants after a shift to 37°C for 30 min
are not much longer than those produced in wild-type cells. In
addition, the data confirm that mutant cells contain much less
polyadenylated mRNA at 37°C than do wild-type cells, consis-
tent with reduced mRNA stability.

Deletion of the cis-acting element for mRNA termination
and polyadenylation results in production of extended, poly-
adenylated mRNAs which accumulate in nuclei. The CYCI
gene of S. cerevisiae encodes isocytochrome c. The cis-acting
elements required for its expression have been studied exten-
sively (72-74, 87, 88). The cycI-512 mutation is a 38-bp dele-
tion of 3’ processing and termination signals located in the
CYC1 3'UTR (Fig. 5A). Transcription from this mutant locus
produces unstable cycl/-512 mRNAs (less than 10% of wild-
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type transcript levels) (87, 88). Furthermore, cycl-512 tran-
scripts are improperly terminated and, as a result, contain
elongated 3'UTRs (up to 3 to 4 kb longer that normal) and are
polyadenylated (22, 87, 88). The almost complete absence of
Cycl-512p (22) correlates with the very low level of cycl-512
mRNA.

Because defects in CFIA activity and function yielded
mRNAs which were exported inefficiently, we reasoned that
defects in the cis-acting 3" processing elements might have the
same effect. We transformed wild-type cells with plasmids that
place either wild-type CYCI or cycl-512 under control of a
galactose-inducible promoter (8) and performed message-spe-
cific in situ hybridization (Fig. 5). No expression of either
CYC1I or cycl-512 mRNA was detected in the absence of ga-
lactose. Expression from the genomic CYCI locus was not
detectable by in situ hybridization under any conditions. After
galactose induction, wild-type CYCI mRNA was exported ef-
ficiently, but there was strong nuclear accumulation of cyc1-512
mRNA (Fig. 5B). This shows that efficient mRNA export re-
quires that cleavage and polyadenylation be directed by the
normal 3’ processing and termination signals.

Analysis of 3’ processing and production of 3’ extended
mRNAs in strains defective for mRNA export. Interestingly,
earlier studies showed that mutations in Gsplp’s effector mol-
ecules, encoded by PRP20 and RNAI, also lead to severe de-
fects in termination, within 90 s of a shift to 37°C. These strains
produce hyperadenylated mRNAs (28) and are also defective
in mRNA export (4, 28). To determine whether defects in
polyadenylation and termination were common phenotypes of
mRNA export mutants, we examined CUP/ mRNAs produced
in strains carrying deletions or ts mutations of several proteins
required for efficient mRNA export. Overall, defects in termi-
nation leading to production of 3’ extended mRNAs were seen
in some but not all strains which accumulated mRNA in their
nuclei (Fig. 4B and C). Some of these (e.g., Kap104p) affect
mRNA biogenesis indirectly: export defects seen in some
kap104-16 cells likely reflect defects in the import of shuttling
RNA-binding proteins, including Hrplp, required for efficient
3’ processing, and Nab2p, required for mRNA export and
poly(A) tail length control (2, 37, 46). Consistent with this,
nuclear mRNA accumulation occurs asynchronously and in
only a fraction of kapl04-16 cells (2). In many other strains
examined, however, the defective protein is thought to partic-
ipate directly in mRNA export. Little or no extended mRNA
was detected in rat7-1/nup159-1, yral-1, or sub2-85 cells shifted
to 37°C (Fig. 4B). This indicates that improper transcriptional
termination is not an automatic consequence of defective
mRNA export or accumulation of poly(A) mRNAs in the
nucleus. In contrast, a significant level of improperly termi-
nated CUPI transcripts was detected in mex67-5 and xpol-I
cells at the nonpermissive temperature (Fig. 4B and C). Ex-
tended CUPI transcripts were also produced in kap104-16 cells
(Fig. 4C).

We also examined poly(A) tail lengths in some of these
mutant strains. The longest poly(A) tails were seen in rat7-1/
nupl59-1 and mex67-5 cells (Fig. 3F) and in prp20-1 and rnal-1
cells (data not shown), as has been shown previously (28, 40,
44). In contrast, poly(A) tails in yral-1, sub2-85, kap104-16, and
mitrl0A cells were the same length as seen in wild-type cells.
These results show that hyperpolyadenylation is not always
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FIG. 4. Transcriptional termination phenotypes of 3’ processing and mRNA export mutants. Temperature-sensitive CFIA mutants (A), nRNA
export mutants (B), or mutants of two karyopherin b family members (C) were grown at 23°C and then shifted to 37°C for 30 min (30"). Ten
micrograms of total RNA was extracted, separated on a 1% formaldehyde gel, transferred to a membrane, and probed with an antisense CUPI
riboprobe. Panel C also compares the effects of Rat8p/DbpS5p overexpression on the termination defects of xpol-1 and kapl104-16 strains. The
mature form of CUPI mRNA transcripts is approximately 600 nucleotides. The asterisks indicate improperly processed CUPI transcripts that are

approximately 1.8 kb long. WT, wild type.

linked with defects in transcriptional termination or mRNA
export and suggest that the various mRNA export mutants
exert their effect on 3'-end formation at different levels.

CFI proteins interact in vivo with Xpolp. Because ineffi-
cient 3’ cleavage and termination were observed in cells

carrying mutations affecting CFI components and in xpol-1
cells, we wondered whether 3’ processing factors might in-
teract with Xpolp. To examine this, we employed the two-
hybrid system and prepared LexA-Xpolp fusions as baits.
One of these encodes the LMB-sensitive T539C substitution
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FIG. 5. Deletion of cis-acting processing and termination elements leads to a block to mRNA export. (A) Comparison of 3'UTR sequence of
CYCI and cycI-512 genes. cycI-512 locus lacks a 38-bp region (dashes) required for normal cleavage, polyadenylation, and Pol II termination.
(B) Wild-type cells were transformed with galactose-inducible CYC1 or cycI-512 constructs. Cells were then grown in noninducing (raffinose) or
inducing (galactose) conditions overnight, fixed, and permeabilized. Samples were then probed with a digoxigenin-labeled PCR probe comple-
mentary to the CYCI coding region (present in both transcripts). Anti-digoxigenin-FITC antibodies were then used to localize mRNAs which

hybridized with the PCR-labeled CYC! probe.

allele of Xpolp that prevents Xpolp-substrate interactions
in vivo and in vitro in the presence of LMB (48, 63, 86). The
prey constructs encode 3’ processing factors fused at their N
termini to the B42 or Gal4 trans-activating domains
(Gal4AD). For controls for Xpolp interactions, we used
previously characterized Gal4AD fusions with Rev, a bona
fide NES-containing substrate for Xpolp, and the NES-
deficient RevM10 mutant (64). We also constructed a LexA
fusion with Cselp, another protein export receptor of the
karyopherin B family (49).

As expected, Cselp interacted strongly with its known cargo,
Srplp (importin «), but not with any other constructs tested
(Table 2). In contrast, several positive two-hybrid interactions
between Xpolp and 3’ processing factors were observed. The
results from multiple experiments are summarized in Table 2.
A strong interaction, approximately the same strength as with
a wild-type Rev prey, was seen between Xpolp and Pablp. The
interactions with Rev and Pablp were equally strong using
either wild-type Xpolp or the Xpolp™3°¢ LMB-sensitive

form. Addition of LMB disrupted Xpolp™3°“’s interactions
with both Pablp and Rev to equal extents. The interactions
between Xpolp and Rnal5p, Pcfllp, and Hrplp were weaker
than with Pablp, while the interaction with Rnal4p was even
weaker but significantly above the level seen using vector alone
or the RevM10 negative control. The effect of LMB on these in
vivo interactions varied. The interactions between Xpolp ¢
and Pcf11p or Hrplp was sensitive to but not completely elim-
inated by LMB, while the interaction between Xpolp and
Rnal5p was not affected. Since all of the CFI components
function as a complex, it is likely that Xpolp does not interact
directly with all of these factors, and there could be other
proteins mediating the Xpolp-CFIA interactions (32). Known
two-hybrid interactions among different CFI components also
scored positive in this assay (data not shown). However, the
fact that LMB affected the interactions to different degrees
suggests that interactions between 3’ processing factors and
Xpolp could involve other regions of Xpolp in addition to the
normal NES-binding domain.
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TABLE 2. Two-hybrid interactions between Xpolp and 3’ processing factors”

B-Galactosidase activity”

Construct Xpolp Xpolp'39¢ Cselp
—LMB +LMB —LMB +LMB —LMB +LMB

pJG4 bait

Vector (control) - - - _ _ _

Rev +++ +++ 4+ - - _

RevM10 - - - _ _ _

Pablp +++ +++ +++ - - -

Rnal5p ++ ++ ++ ++ — -

Cselp - - - - ++++ NRN
pACTII bait

Vector (control) - - - _ _ _

Pcfllp ++ ++ ++ + - —

Rnal4p® + + — — _ _

Hrplp® ++ ++ ++ + - -

“ Diploids containing LexA-export receptor fusions, 3" processing factor-Gal4AD fusions, and a LacZ reporter were grown on selective medium containing 3%
galactose or 1% raffinose. LMB was added (+) to the solid growth medium to a final concentration of 100 ng/ml or not added (—) to the growth medium.
® The B-galactosidase activities are expressed relative to that of the vector control in each experiment. The activity measurements are based on the color plate assay,

where ++++ is very dark blue and — is white.

¢ Strains containing Rnal4p-Gal4AD and Hrpl-Gal4AD fusions grow very slowly.

Xpolp stimulates 3’-end processing in vitro. Since temper-
ature-sensitive mutations in XPO! lead to the production of
improperly terminated Pol II transcripts in vivo (Fig. 4C) and
because Xpolp interacted with CFI proteins known to play a
critical role in 3’ cleavage and termination, we wondered how
the presence of Xpolp would affect 3’ processing in vitro. First,
we prepared extracts from cells carrying mutations in known
export factors (xpoI-1, prp20-1, and rnal-1 cells) and examined
3" processing in a coupled cleavage and polyadenylation reac-
tion. We found that these extracts had activities comparable to
that of a wild-type extract prepared under the same conditions
(S. Gross, C. M. Hammell, and C. Moore, unpublished re-
sults), indicating that Xpolp, Prp20p, and Rnalp are not es-
sential for in vitro 3’ processing. We next tested whether ad-
dition of recombinant GST-Xpolp would stimulate 3’
processing. The efficiency of processing was measured by de-
termining the fraction of total radioactivity in each lane
present in the cleaved and polyadenylated products. Preincu-
bating the processing extract with increasing amounts of GST
before addition of the precursor did not change the efficiency
of processing (Fig. 6A, lanes 2 to 6). However, incubation with
GST-Xpolp reproducibly stimulated processing two- to three-
fold (Fig. 6A, lanes 7 to 11). The lane-to-lane variation in total
counts was less than 10%, indicating that the exogenously
added GST-Xpolp also did not contain RNases nor did it
activate any that might be present in the extract. Increasing
amounts of GST-Kap95p, another transport receptor, had no
effect on 3’ processing activity (data not shown). Furthermore,
no degradation or specific cleavage of the precursor was ob-
served upon incubation of the precursor RNA with GST-
Xpolp or GST-Kap95p alone (data not shown).

We also prepared extracts from isogenic strains differing
solely at the XPOI locus; one has the wild-type XPOI gene,
and the other has the LMB-sensitive XPOI77%°C gene (63).
The two extracts carried out 3" processing with approximately
the same efficiency (Fig. 6B, compare lanes 1 and 2). Preincu-
bation of the extracts with LMB prior to adding the labeled 3’

processing substrate reduced 3’ processing in the Xpol1™>3“p
extract by about 40% but had no effect on extracts prepared
from wild-type cells (Fig. 6B, lanes 2 and 4).

Processing was stimulated to approximately the same extent
by the addition of either wild-type or LMB-sensitive GST-
Xpolp (Fig. 6B, lanes 5 to 8). Added wild-type GST-Xpolp
stimulated 3’ processing in wild-type extracts equally well both
in the presence or absence of LMB (Fig. 6B, lanes 5 and 9).
The final level of processing was lower when both wild-type
GST-Xpolp and LMB were added to an extract prepared from
LMB-sensitive cells, reflecting the effect of LMB on extracts
prepared from LMB-sensitive cells (Fig. 6B, compare lanes 4,
6, and 10). LMB prevented the LMB-sensitive Xpol™>**“p
from stimulating 3’ processing (Fig. 6B, lanes 3, 4, 7, 8, 11, and
12). The data do not indicate whether the effect of Xpolp is
direct or indirect (see discussion below).

Unlike Hrplp (CFIB), the CFIA subunits Rnal4p, Rnal5p,
and Pcfl1p do not shuttle. The experiments described above
indicate that similar defects in 3’ processing occur in strains
with mutations affecting 3’ processing factors, the Ran/Gsplp
system, some importin B family members, and several mRNA
export factors. Because of these similarities and the two-hybrid
interactions seen between CFIA proteins and Xpolp, we rea-
soned that 3’ processing factors might also function directly
during mRNA export and remain associated with the mRNA
until export was completed. To determine whether any CFIA
proteins shuttle, we performed the standard shuttling assay
developed by Lee et al. (50). This assay uses the nup49-313
allele which allows efficient export of shuttling proteins but is
defective at the nonpermissive temperature in protein import
of all classes of proteins examined. The nup49-313 mutation
does not affect mRNA export. We made GFP fusions to sev-
eral 3’ processing factors (Rnal4p, Rnal5p, Pcfl1p, Cftlp, and
Fiplp). Each was functional, as judged by its ability to com-
plement a deletion or ts mutation in the corresponding gene
(data not shown). Each GFP fusion was produced from 2pum
plasmids. Because excess Rnaldp or RnalSp can accumulate
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FIG. 6. Xpolp stimulates 3’ processing efficiency in vitro. (A) Extracts prepared from wild-type cells were preincubated with 8, 24, 74, 220, or
660 ng of recombinant GST (lanes 2 to 6) or GST-Xpolp (lanes 7 to 11) prior to addition of a labeled in vitro-transcribed RNA precursor
containing sequences flanking the GAL7 poly(A) site. Coupled cleavage and polyadenylation reactions were then carried out at 30°C for 30 min,
and the products were resolved by electrophoresis on a 5% acrylamide—urea gel. Lane 1 contains unreacted precursor. (B) Effect of LMB addition
on the 3’ processing activity of extracts made from strains resistant (R; XPOI) or sensitive (S; xpol ™) to LMB (lanes 1 to 4). Recombinant
GST-Xpol (R) or GST-Xpo1™3°€ (S) was added (lanes 5 to 12) or not added (lanes 1 to 4) to the extracts, with (lanes 3, 4, and 9 to 12) or without

(lanes 1, 2, and 5 to 8) LMB, as indicated above the gel.

only when both are overexpressed (9), cells producing Rnal5p-
GFP were engineered to overproduce Rnal4p, and cells pro-
ducing Rnal4p-GFP were engineered to overproduce Rnal5Sp.
Each 3’ processing factor (Rnal4p, Rnal5p, Pcfllp, Cftlp, or
Fiplp) is a nuclear protein, and we detected the GFP fusions
solely in nuclei in wild-type cells (data not shown). In nup49-
313 cells, these proteins remained in the nuclei at both the
permissive and nonpermissive temperatures (Fig. 7). This sug-
gests that these 3’ processing factors are resident nuclear pro-
teins which do not shuttle. In contrast, Hrplp, an RNA-bind-
ing protein required for both cleavage and polyadenylation,
has been shown to be exported in a transcription-dependent
manner, consistent with Hrplp’s export as a passenger with
mRNA (46). As expected, Hrplp-GFP accumulated in the
cytoplasm of nup49-313 cells shifted to 36°C (Fig. 7).

Suppression of production of extended transcripts in xpol-1
cells by overexpression of Rat8p/Dbp5Sp. We reported previ-
ously that the strong block to mRNA export seen when xpol-1
cells were shifted to 37°C could be prevented if cells overex-
pressed Rat8p/Dbp5p (41). xpol-1 mutants mislocalize Rat8/
Dbp5Sp under these conditions. This finding suggests that
mRNA export required Rat8p/Dbp5p on the cytoplasmic side
of the nuclear envelope and that this depends on Xpolp ac-
tivity. It is also possible that overexpression of Rat8p/Dbp5p in
the nucleus is required to suppress nuclear defects in xpol-1
cells. To examine how overexpression of Rat8p/Dbp5p affected
the termination and 3’ processing defects of xpol-1 cells, we
analyzed CUPI mRNAs produced in xpol-1I cells containing a
RATS/DBP5 high-copy-number plasmid. Overexpression of
Rat8p/DbpSp completely prevented the production of 3’ ex-
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FIG. 7. Most components of the core 3" processing machinery do
not shuttle. nup49-313 cells individually expressing GFP fusions of
Hrplp, Rnaldp, RnalSp, Pcfllp, Fiplp, or Cftlp were incubated at
23°C or shifted to 36°C for 6 h to assay the nuclear export of these
proteins. Living cells were either photographed with Nomarski optics
or examined for GFP fluorescence.

tended, CUPI mRNAs (Fig. 4C). Overexpression of Rat8p/
Dbp5p had no effect on improper 3’ processing in kapl04-16
cells (Fig. 4C) or in any other strains with 3" processing defects
(data not shown). Thus, Rat8p/Dbp5p shows specificity in sup-
pressing these processing defects solely in xpol-1 mutant cells.

DISCUSSION

A link between 3’ processing and mRNA export. The exper-
iments presented here provide important information about
the connection between efficient mRNA processing and
mRNA export. Previous studies in both S. cerevisiae and meta-
zoans have shown that posttranscriptional addition of a
poly(A) tail is essential for efficient mRNA export (11, 24, 29,
43). In two reports, mRNA produced in vivo from reporter
constructs accumulated in nuclei if the normal 3" processing
signals were replaced with a cis-acting ribozyme (24, 43). In-

COUPLING 3" PRE-mRNA PROCESSING AND mRNA EXPORT 6453

clusion of an encoded poly(A) tract (90 A’s) immediately up-
stream of the ribozyme cleavage site did not enhance export,
indicating that the context of these posttranscriptional process-
ing events affect downstream functions in mRNA export (43).
Together, these studies suggest that passage “through” the
proper 3’ processing machinery greatly facilitates access to the
mRNA export pathway but do not indicate how mRNA export
depends on 3’ processing. This view is supported by recent
observations that mRNA export is inefficient in some mutant
yeast strains affecting 3’ processing factors (11).

In a novel screen for additional mutants affecting mRNA
export, we identified new alleles affecting 3’ processing factors.
Our analysis of papI-23 confirms previous reports that addition
of a poly(A) tail is required for efficient mRNA export. What
is noteworthy about our screen is that we failed to isolate
mutations affecting previously characterized mRNA export
factors. This probably reflects the fact that the FACS method
can distinguish cells which produce low levels of Ssa4p-GFP
from those which fail to produce any fluorescent reporter
mRNA. The Arip! strain which served as our control is unique
in its apparent complete export block: it fails to produce de-
tectable cytoplasmic heat shock mRNAs after heat shock, and
inducible heat shock proteins cannot be detected by gel anal-
ysis. Other previously characterized export mutants accumu-
late mRNAs in the nucleus, but after a short lag (15 to 20 min),
reporter mRNAs are exported and translated at low levels
(40). Mutations affecting 3’ processing may prevent mRNAs
from entering the export pathway much more effectively than
mutations affecting nucleoporins or other mRNA export fac-
tors. However, the specific degradation of mRNAs triggered by
defective transcription termination may also contribute to the
lack of reporter protein production in these mutants (22).

Another surprising finding is that a majority of mutations
identified in this screen affected components of a single sub-
complex of 3’ processing factors (CFIA), which is required to
couple 3’ processing and Pol II termination (8). mRNA trans-
port defects in these strains occur sufficiently rapidly that little
or no induced heat shock mRNA is exported, indicating that
the cell becomes defective for the function of the mutant pro-
tein with little delay. Although these mutations cause notice-
able defects in polyadenylation in vivo and in vitro, the
mRNAs which are polyadenylated are not exported (Fig. 2).
This indicates that polyadenylation is necessary but not suffi-
cient for efficient mRNA transport and further implies a func-
tional interaction between the 3’ processing machinery and
mRNA export factors. The notion that mRNA export depends
on interactions between CFIA proteins and the mRNA is sup-
ported by our finding that deletion of cis-acting signals recog-
nized by CFIA (and required for proper 3’ processing) yields
elongated, polyadenylated cycI-512 mRNAs which accumulate
in nuclei (Fig. 5B).

Analysis of 3’-end formation in mutant strains revealed two
distinct defects in 3’ processing. One was the production of
CUPI mRNAs polyadenylated at sites downstream from the
normal 3’ processing site. The other was production of
mRNAs with poly(A) tails much longer than normal. The
extended CUPI transcripts were found in all of the strains with
mutations affecting CFIA proteins, consistent with CFIA in-
volvement in accurate cleavage, termination, and poly(A) ad-
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dition. However, these phenotypes were also seen in some
mRNA export mutant strains.

The production of hyperpolyadenylated mRNAs with ex-
tended 3"UTRs was reported previously for prp20-1 and rnal-1
mutants (28). The production of hyperpolyadenylated tran-
scripts was also seen in some but not all mRNA export mutants
(Fig. 3F). In wild-type cells, tails become slightly longer fol-
lowing a shift to 37°C, and a similar slight increase was ob-
served for yral-1, sub2-85, kap104-16, and Amitrl0 cells. As
reported previously by Jensen et al. (44) and Hilleren and
Parker (40), hyperpolyadenylated transcripts were abundant in
rat8-2/dbp5-2, rat7-1/nup159-1, and mex67-5 cells (Fig. 3F). It
was suggested that hyperadenylation might be a general con-
sequence of defects in mRNA export (40). Our studies indicate
that this is not the case. Strong nuclear accumulation of
mRNA occurs in sub2-85 and yral-1 cells at the nonpermissive
temperature, yet in both cases poly(A) tails were the same
length as in the wild-type cells (Fig. 3F) (82, 83). Tails of
normal length were also seen in two strains with mutations
affecting protein import receptors, Amitrl0 and kap104-16 cells
(Fig. 3F). These strains show modest mRNA export defects
and are thought to affect mRNA transport indirectly as a
consequence of their inability to reimport shuttling transport
factors. These results suggest that there is a common mecha-
nistic defect in rat7-1/nup159-1, rat8/dbp5-2, and mex67-5 cells
which does not occur in other mRNA export-defective strains.

Interestingly, a defect in polyadenylation leading to long
poly(A) tails was not necessarily linked to defects in cleavage
and termination that result in production of mRNAs with
extended 3'UTRs. Improperly terminated mRNAs were pro-
duced in some but not all mRNA export mutants examined
(Fig. 4B). Among mutants producing long poly(A) tails, defec-
tive termination was strongest in mex67-5 cells and not seen at
all in rat7-1/nup159-1 or rat8-2/dbp5-2 cells. A very strong ter-
mination defect was also seen in xpoI-1 cells. Among mutants
which did not produce long poly(A) tails, kapl04-16 cells
showed a strong cleavage or termination defect, but no such
defect was seen in yral-1 or sub2-85 cells. We conclude that
two different (and perhaps overlapping) deficiencies must un-
derlie the production of long poly(A) tails and the defects in
cleavage and termination (Fig. 3F and Fig. 4B and C).

One possibility is that the availability or activity of CFIA is
affected in some but not all mRNA export mutant strains.
Another possibility, which is not mutually exclusive, is that
some defects in cleavage or termination and polyadenylation
may reflect direct involvement of mRNA export factors in 3’
processing. Defects in Kap104p activity can easily account for
termination defects, as kapl04-16 mutants mislocalize Hrplp,
a critical component required for both cleavage and polyade-
nylation, and Nab2p, a general mRNA-binding protein re-
cently implicated in mRNA export and poly(A) tail length
control (31, 37, 46). Both Nab2p and Hrplp are shuttling
proteins and are predominantly found in nuclei under steady-
state conditions (2). They are passively exported and move to
the cytoplasm only when associated with mRNA (46). How-
ever, we found that the location of Hrplp and Nab2p was not
altered in rat8-2dbp5-2, rat7-1/nup159-1, xpol-1, or mex67-5
cells (C. M. Hammell and C. N. Cole, unpublished observa-
tions). This indicates that the 3’ processing defects seen in
these strains reflect nuclear events.
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Jensen et al. have reported that defects in mRNA export
result in the production of hyperpolyadenylated transcripts
that accumulate at or near the sites of transcription (44). Even
though cleaved, unadenylated transcripts can be found in ac-
tively translating polyribosomes, hypopolyadenylated tran-
scripts are also retained at the site of transcription (23, 39, 69).
Improperly processed transcripts (both hypo- and hyperpoly-
adenylated) are actively retained by a novel function of the
nuclear exosome (39). It appears that significant distinctions
between exportable and nonexportable transcripts are made at
the level of interactions on the poly(A) tail. Presumably, mu-
tations affecting any one of a subset of mRNA export factors
prevent efficient coupling of 3’ processing to mRNA export.
One potential coupling point is the loading of poly(A)-binding
protein Pablp onto the poly(A) tail.

Do Pablp and Xpolp function in both 3’ processing and
mRNA export? We have shown that a mutation of XPOI
causes mRNA 3'-end processing defects in vivo. Furthermore,
a strong two-hybrid interaction was found between Xpolp and
Pablp. These results suggest a model in which Pablp and
Xpolp are important for both 3’ processing and mRNA export
and interact in the nucleus during these events. The strength
and LMB sensitivity of the two-hybrid interaction between
Xpolp and Pablp was equal to those of the interaction be-
tween Xpolp and Rev. Our recent experiments indicate that
Pablp shuttles in an Gsplp/Xpolp-dependent manner (Ham-
mell and Cole, unpublished). Physical interactions between
Pablp and Xpolp can also be detected using recombinant
proteins (K. Weis, personal communication). Xpolp also ex-
hibits a weaker two-hybrid interaction with CFIA components,
in agreement with an equimolar amount of Pablp purifying
with CFIA from yeast whole-cell extract (6, 61).

The stimulation of in vitro 3" processing by Xpolp and the
sensitivity of this stimulation to LMB are also consistent with
an interaction (direct or indirect) between Xpolp and 3’ pro-
cessing factors (Table 2 and Fig. 6A and B). We cannot rule
out the possibility that Xpolp affects 3’ processing by titrating
an inhibitor present in the extract. However, loss of function of
Xpolp activity results in a termination phenotype similar to
those found in CFIA mutants (Fig. 4A and C). One possibility
is that interactions between Xpolp and 3’ processing factors
enhance processing in vitro by stabilizing the processing com-
plex. Overexpression of Pablp in vivo suppresses specific tem-
perature-sensitive defects of RNAI5 mutants, even though
pabl mutants do not appear to directly affect cleavage activity
in vitro (6).

Several lines of evidence suggest that Pablp may play an
important role in mRNA export. Overexpression of Pablp can
suppress both the mRNA export and polyadenylation defects
seen in nab2 mutants (37). Yeast Pablp and both metazoan
poly(A)-binding proteins (PABI and PABII) shuttle (1, 12) in
an Xpolp-dependent manner (Hammell and Cole, unpub-
lished). Yeast Pablp interacts with specific nucleoporins (di-
rectly or indirectly) in a manner that is insensitive to RNase
and stimulated by the addition of Gspl-GTP (3). In metazoan
cells, the influenza virus protein NS1A prevents host mRNA
export and has recently been shown to interact with the nuclear
poly(A)-binding protein (PABII) and CPSF30, a component of
the metazoan polyadenylation machinery (18, 29). NS1A can
bind CPSF30 and PABII via nonoverlapping domains, suggest-
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ing that NS1A may exert its dominant effect on host export by
preventing the two proteins from interacting functionally with
one another in vivo (18).

In addition to the formation of the mRNA 3’ ends, another
role for the cleavage and polyadenylation machinery may be to
facilitate the interaction of Pablp with the newly synthesized
poly(A) tail. We suggest that proper recruitment of Pablp onto
the poly(A) tail is an important contribution of 3’ processing to
mRNA export and that this loading is essential for efficient
mRNA export. Once loaded, Pab1p is positioned to participate
functionally in the export process. Interestingly, mutations of
pabl also result in a short temporal lag in the association of
mRNA with the cytoplasmic degradation and translation ma-
chinery, as is the case in strains with mutations affecting certain
mRNA export factors (13, 40).

Overexpression of Rat§8/Dbp5Sp completely suppresses the 3’
processing defect seen in xpol-1 cells (Fig. 4C). Previously, we
showed that this also suppresses the mRNA export defect of
xpol-1 cells (41). This may reflect the need for Rat8/Dbp5p to
localize to the cytoplasmic face of NPCs where it could func-
tion in the removal of hnRNP proteins during export of
mRNPs. However, Rat8p/Dbp5p is a shuttling protein and may
also have essential functions in the nucleus (41, 91). If Hrplp
is the only component of CFI which is exported, CFIA
(Rnal4p-RnalS5p-Clplp-Pcfllp) must be dissociated from
Hrplp and the processed mRNA in order for both efficient
export of the transcript and intranuclear recycling of CFIA to
proceed. Defects in dissociation of these factors would prevent
efficient mRNA export by sequestering CFIA, preventing fu-
ture rounds of processing by these factors. Perhaps the RNA-
dependent ATPase activity of Rat8p/Dbp5p is required for this
disassociation and, in fact, couples correct 3’-end formation
and export.

Evidence for mechanistic coupling among the multiple
stages of mRNA biogenesis and function has increased dra-
matically in the past few years. Determining how 3’ processing
and mRNA export are linked functionally will require a much
better understanding of when and where mRNA export factors
act, what they do, and how their functions are affected, spa-
tially and mechanistically. This endeavor is complicated by the
very large number of other proteins important for the produc-
tion and metabolism of mRNA. An important next step will be
the isolation and characterization of mRNP complexes associ-
ated with these and other improperly processed mRNAs.
Understanding the differences between the RNA-protein com-
plexes formed under normal and processing-defective condi-
tions should greatly increase our understanding of how im-
properly processed transcripts are distinguished from those
that are processed correctly and efficiently transported to the
cytoplasm.
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