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ABSTRACT

Eukaryotic poly(A) binding protein (PABP) is a ubiquitous, essential cellular factor with well-characterized roles in translational
initiation and mRNA turnover. In addition, there exists genetic and biochemical evidence that PABP has an important nuclear
function. Expression of PABP from Arabidopsis thaliana, PAB3, rescues an otherwise lethal phenotype of the yeast pab7A
mutant, but it neither restores the poly(A) dependent stimulation of translation, nor protects the mRNA 5’ cap from premature
removal. In contrast, the plant PABP partially corrects the temporal lag that occurs prior to the entry of mRNA into the decay
pathway in the yeast strains lacking Pab1p. Here, we examine the nature of this lag-correction function. We show that PABP
(both PAB3 and the endogenous yeast Pab1p) act on the target mRNA via physically binding to it, to effect the lag correction.
Furthermore, substituting PAB3 for the yeast Pab1p caused synthetic lethality with rna15-2 and gle2-1, alleles of the genes that
encode a component of the nuclear pre-mRNA cleavage factor 1, and a factor associated with the nuclear pore complex,
respectively. PAB3 was present physically in the nucleus in the complemented yeast strain and was able to partially restore the
poly(A) tail length control during polyadenylation in vitro, in a poly(A) nuclease (PAN)-dependent manner. Importantly, PAB3
in yeast also promoted the rate of entry of mRNA into the translated pool, rescued the conditional lethality, and alleviated the
mRNA export defect of the nab2-1 mutant when overexpressed. We propose that eukaryotic PABPs have an evolutionarily
conserved function in facilitating mRNA biogenesis and export.
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INTRODUCTION lach et al. 1994)], and the majority of PABP in the cell is
cytoplasmic at steady state. PABP is the key factor respon-
sible for the poly(A) tail stimulated pathway of translational
initiation (for reviews, see Sachs 2000; Schwartz and Parker
2000). Both yeast (Tarun and Sachs 1996) and human
(Imataka et al. 1998) PABPs interact with the translation
initiation factor eIF4G, thereby causing circularization of
the mRNA via bridging its 5" and 3’ termini (closed loop
model [Jacobson 1996]). Such an interaction could facilitate
formation of the 48S translation initiation complex de
novo, the 60S ribosomal subunit joining, and/or transla-
tional reinitiation (Munroe and Jacobson 1990; Tarun and
Sachs 1995; Kahvejian et al. 2001; Searfoss et al. 2001).
However, the mechanism of translational stimulation may
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Poly(A) binding protein (PABP) is highly conserved in eu-
karyotes, and its function is essential for viability in Saccha-
romyces cerevisiae (Sachs et al. 1987), Aspergillis nidulans
(Marhoul and Adams 1996), Caenorhabditis elegans (A.
Petcherski and J. Kimble, pers. comm.) and Drosophila mela-
nogaster (Sigrist et al. 2000). PABP participates in at least three
major post-transcriptional events, for example, mRNA bio-
genesis, regulation of mRNA turnover, and initiation of pro-
tein synthesis. However, the exact reasons why the PABP func-
tion is essential remain incompletely understood.

PABP is an abundant protein [4 uM in Hela cells (Gor-
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and Butler 1996). In addition, recent evidence in yeast and
mammalian cells links PABP to translational termination
and eukaryotic release factor 3 (eRF3; Cosson et al. 2001;
Uchida et al. 2002). Thus, PABP may participate in trans-
lation in multiple ways.

In addition, PABP participates in the control of the
mRNA degradation in the cytoplasm, although the exact
way in which PABP regulates mRNA decay may vary be-
tween species and between different transcripts. In yeast, the
major mRNA degradation route occurs via deadenylation-
dependent decapping (for reviews, see Schwartz and Parker
2000; Wilusz et al. 2001b). The yeast PABP, Pab1p, impedes
mRNA decapping until the process of deadenylation
progresses to the point when only 12-15 A residues are left,
and the last Pablp binding site on the mRNA poly(A) tail
has been eliminated. It can be envisioned that dissociation
of the last molecule of Pablp causes a significant rearrange-
ment in the structure of the mRNP, and leads to a loss of
the 3’ end-5" end association, enabling the decapping en-
zyme to attack the 5" cap. A competition between the trans-
lation initiation and mRNA decay factors plays an impor-
tant role in the control of deadenylation and decapping, for
example, mutations in yeast translation initiation factors
promote both decapping and deadenylation rates (Schwartz
and Parker 1999). Inhibition of decapping by PABP was
also observed in mammalian cell extracts, although in that
case, it seems to be independent of the elF4E/elF4G inter-
action with PABP (Gao et al. 2001). Moreover, the circu-
larization of the mRNA via the eIF4E/eIF4G/Pablp inter-
action in yeast extracts also accounts for only a part of the
inhibitory effect of Pablp on decapping, as a partial inhi-
bition of decapping by Pablp could still be observed when
elF4E was prevented from interacting with the 5’ cap
(Wilusz et al. 2001a). Furthermore, a deletion of the eIF4G-
interacting domain from the yeast PABP that was tethered
to the mRNA in a poly(A)-independent manner did not
affect its ability to inhibit mRNA decay (Coller et al. 1998).

The role of PABP in deadenylation is complex. PABP acts
as a deadenylation inhibitor in mammalian cell extracts
(Bernstein et al. 1989; Ford et al. 1997) and when overex-
pressed in Xenopus oocytes (Wormington et al. 1996). In
the case of the a-globin mRNA, PABP interacts with the
oCP complex that binds to the 3'-UTR of this transcript,
and slows the rate of its deadenylation (Wang et al. 1999).
A more complex picture arises in the case of the c-fos
mCRD (major coding region determinant), a sequence el-
ement that specifies rapid deadenylation and decay of the
c-fos transcript in a manner that is dependent on translation
(Grosset et al. 2000). The mCRD binding complex interacts
with PABP, thus bridging the mCRD and the poly(A) tail.
This interaction prevents deadenylation prior to the initial
round(s) of translation, but promotes it after the complex
has been displaced by the ribosomes traversing the mCRD,
possibly because the removal of mCRD binding complex
also promotes dissociation of PABP from the poly(A) tail,

making it vulnerable to exonucleolytic attack (Grosset et al.
2000). Yeast Pablp also inhibits deadenylation in vitro
(Wilusz et al. 2001a). On the other hand, Pablp is also
required for the proper rate of deadenylation in yeast in
vivo (Caponigro and Parker 1995). A possible resolution of
this paradox can be envisioned if Pablp actually promotes
the entry of the mRNA into the decay pathway, rather than
accelerates deadenylation per se. Yeast strains lacking Pablp
(but viable due to bypass suppressor mutations) exhibit a
temporal lag before mRNA decay commences, which likely
reflects a role of Pablp in efficient mRNA biogenesis (Ca-
ponigro and Parker 1995).

In this study, we provide evidence supporting and ex-
tending the view that PABP is important for the mRNA
biogenesis. Using cross-species complementation of the
yeast pabl null mutant by the Arabidopsis PAB3 cDNA, we
have shown previously that rescue of viability of the yeast
pabIA mutant required neither the restoration of poly(A)-
dependent translation nor the protection of the 5’ cap from
premature removal (Chekanova et al. 2001). However,
plant PABP significantly reduced or eliminated the lag prior
to mRNA decay in yeast (Chekanova et al. 2001). In this
work, this system is further exploited to examine the nature
of the lag prior to mRNA decay in pabIA cells and its
correction by PABP. We have found that the Arabidopsis
PAB3 accelerated the entry of the mRNA into the degrada-
tion pathway, as well as its entry into the translated pool
when expressed in yeast. PAB3 was also able to partially
restore the poly(A) tail length control during polyadenyla-
tion reaction, in the PAN-dependent manner. Furthermore,
a fraction of PAB3 was physically present in the nucleus in
the complemented yeast strain. The substitution of the
plant PAB3 for the endogenous yeast Pablp caused syn-
thetic lethality with rnal5-2, an allele of the gene encoding
the Rnal5p subunit of the pre-mRNA cleavage factor CFIA,
and with gle2-1, a mutant allele of the gene encoding the
NPC-associated protein. Finally, overexpression of PAB3 in
yeast rescued the cold sensitivity and alleviated the mRNA
export block of the nab2-1 mutant strain, which is defective
in one of the shuttling hnRNP proteins required for mRNA
export. We propose that eukaryotic PABPs have an evolu-
tionarily conserved function in facilitating mRNA biogen-
esis and export.

RESULTS

PAB3 and Pab1p act directly on the target mRNA to
correct the lag prior to the entry of mRNA into the
decay pathway in yeast

To ascertain that PABPs (the heterologous Arabidopsis
PAB3, as well as the endogenous yeast Pablp) reduce or
eliminate the lag prior to the entry of the mRNA into the
degradation pathway directly (that is, by physically binding
to the target mRNAs) a yeast strain was constructed that
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simultaneously expressed two nearly identical MFA2-based
reporter mRNAs that differed mainly in the presence or
absence of the poly(A) tail—the binding site for the PABP.
The first reporter was the same GALI promoter-driven
MFA2pG mRNA (Caponigro and Parker 1995) that we used
previously in the transcriptional pulse-chase analysis in the
presence or absence of PAB3 in yeast (Chekanova et al.
2001). The second MFA2-based reporter (MFA2-MS2-RZ)
contained the ribozyme derived from the hepatitis 8 virus in
place of the normal polyadenylation signal. This latter con-
struct gives rise to a transcript that undergoes autocatalytic
processing in vivo in yeast cells, resulting in nonadenylated
mRNA (Quadst et al. 1995; Coller et al. 1998). This construct
was also expressed from the GALI promoter. Other differ-
ences between these two reporter transcripts, namely the
presence of the poly(G) tract in the 3'-UTR of the first
reporter, and the MS2 protein binding sites in the second
reporter, have been demonstrated previously to have no

TABLE 1. Genotypes of the yeast strains used in this work

effect on the mRNA turnover properties of the respective
transcripts (Decker and Parker 1993; Coller et al. 1998).
Because of the lethality associated with the pabIA muta-
tion, the rate of decay of these two reporters was analyzed
in the spb2A suppressor background, expressing either yeast
Pablp, Arabidopsis PAB3, or no PABP (strains YDB246,
YDB256, and YRP881, respectively; genotypes of the yeast
strains used in this work are given in Table 1), by use of a
transcriptional shutoff of the GALI promoter. The spb2A
mutation is a bypass suppressor of pablA, which causes a
loss of the 60S ribosomal subunit protein RPL39 (Sachs and
Davis 1989), but does not have any direct effect on mRNA
turnover (Caponigro and Parker 1995). The suppressor
phenotype is probably due to the resulting underaccumu-
lation of the ribosomal 60S subunits, which are thus less
able to sequester the 40S subunits into empty 80S couples
(Sachs and Davis 1989). The resulting excess of the free 40S
subunits (which are normally limiting for initiation) may

Strain Relevant genotype Reference

YRP881 trp1 ura3 leu2 his4 cup1::LEU2pm spb2:: URA3 pabT1:: URA3 Caponigro and Parker (1995)

YDB203 ade2 his3 leu2 trp1 ura3 pab1::HIS3, pDB419 (TRP1/CEN/pGALT-PAB3) Chekanova et al. (2001)

YDB220 PDB464 (TRP1/CEN/PABT) in YRP881 This work

YDB221 trp1 ura3 leu2 his4 cupl::LEU2pm spb2:: URA3, pab1::URA3, pDB463 (TRP1/2/ Chekanova et al. (2001)
PADHI-PAB3)

YDB227 pMM2-6 in YRP881 This work

YDB236-8 trp1 ura3 leu2 his4 cupl::LEU2pm spb2:: URA3 pab1:: URA3 pan3:: TRP, pDB488 Chekanova et al. (2001)
(G418/21/pADHI-PAB3)

YDB246 pMM2-6 and pDB490 in YRP881 This work

YDB256 pMM2-6 and pDB493 in YRP881 This work

YJA223 his3 leu2 trp1 ura3 nab2:: LEU2 TRP1::nab2-21 Hector et al. (2002)

YRH201C ade2 his3 leu2 trp1 ura3 canl nab2:: HIS3 pGAL:: NAB2 Hector et al. (2002)

ACY429-1038
BJ5464

trp1 ura3 leu2 his3 NAB2:: HIS3, pAC1038 (LEU2/CEN/nab2-1)
ura3 trpl leu2 his3 pep4:: HIS3 prbD1.6R cani

rnal4-1W ura3 trpl ade2 leu2 his3 rnal4-1

rnal5-2W ura3 trpl ade2 leu2 his3 rnal5-2

SWY1022 ade2 ade3 ura3 his3 leu2 trp1 can1-100 nup100:: HIS3
SWY1024 ade2 ade3 ura3 his3 leu2 lys2 can1-100 nup100:: HIS3
YCH130 ade2 ade3 ura3 his3 leu2 lys2 can1-100

W303a ade2 ade3 ura3 his3 leu2 trp1 can1-100

SWY1136 ade2 ura3 his3 leu2 trp1 canl-100 gle2-1

mtr2-9 ura3 ade2 leu2 his3 trp1 mtr2:: HIS3, pRS315/mtr2-9
MTR2 ura3 ade2 leu2 his3 trp1 mtr2:: HIS3, pRS316/MTR2
mex67-5 ade2 his3 leu2 trp1 ura3 mex67:: HIS, pUN100/mex67-5
MEX67 ade2 his3 leu2 trp1 ura3 mex67:: HIS3, pUNT00/MEX67
FY23 ura3 leu?2 trpl

FY86 his3 leu2 ura3

CCY282 ura3 leu2 trp1 rat2-1

OLY101 his3 leu2 ura3 rat3-1

LGY101 his3 leu2 ura3 rat7-1

TDY105 trp1 leu2 ura3 nupl45-10

CSY550 trp1 leu2 ura3 rat8-2

Green et al. (2002)
Jones (1991)

Amrani et al. (1997)
Amrani et al. (1997)
Murphy et al. (1996)
Murphy et al. (1996)
Murphy et al. (1996)
Murphy et al. (1996)
Murphy et al. (1996)
Santos-Roza et al. (1998)
Santos-Roza et al. (1998)
Segref et al. (1997)
Segref et al. (1997)
Winston et al. (1995)
Winston et al. (1995)
Heath et al. (1995)

Li et al. (1995)

Gorsch et al. (1995)

Dockendorff et al. (1997);
Snay-Hodge et al. (1998)

Snay-Hodge et al. (1998)

Mutant and corresponding isogenic wild-type strains used in synthetic lethal tests are separated into the bottom portion of the table and are

shaded in gray.

1478  RNA, Vol. 9, No. 12



PABP as mRNA biogenesis facilitator

allow the cell to translate mRNA more efficiently, thereby
indirectly compensating for the loss of Pablp. In support of
this view, certain mutations that exacerbate the 40S subunit
deficit are partially suppressed by decreasing the 60S sub-
unit levels (Finley et al. 1989). In addition, the binding of
the charged tRNA to the ribosome A site, as well as the k_,,
of the peptidyltransferase in spb2A mutant are increased by
40%-70% relative to the wild-type ribosomes (Dresios et al.
2000, 2001) at the expense of translational fidelity.

The decay rates of the MFA2pG and MFA2-MS2-RZ
mRNAs in the absence of PABP in the cell were virtually
indistinguishable (Fig. 1, T;,, = 7 min in both cases). Intro-
duction of either the Pablp-expressing construct or PAB3-
expressing construct resulted in selective acceleration of the
decay of the MFA2pG mRNA, but not of the MFA2-MS2-
RZ mRNA. Because we have shown previously that PAB3
accelerates mRNA decay in yeast chiefly via acceleration of
the rate of entry of the mRNA into the decay pathway,
rather than via activating the mRNA decay per se, these data
indicate that the endogenous yeast Pablp, as well as the
plant PAB3 expressed in yeast (Chekanova et al. 2001),
must act on the target mRNAs directly to be able to correct
the lag prior to the onset of the mRNA decay that is ob-
served in the PABP-deficient strains. In other words, these
PABP proteins promoted the rate of entry into the decay
pathway of only those mRNA to which they were able to
bind physically. Two possible explanations for this result
are: (1) that the MFA2-MS2-RZ mRNA that could not bind
PABP was normally exported from the nucleus, but was
somehow shielded from the cytoplasmic decay; or (2) that
its dwelling time in the nucleus was longer than in the case
of the MFA2pG mRNA. We favor the latter explanation,
because the mRNAs that cannot bind PABP are usually less
stable, rather than more stable (Bernstein et al. 1989;
Wormington et al. 1996; Ford et al. 1997; Wang et al. 1999;
Grosset et al. 2000), and because the results of a recent FISH
study using an analogous ribozyme-containing construct in
yeast, strongly suggest that its export from the nucleus is
compromised (Libri et al. 2002).

Lagging mRNA population retains an intact 5’ cap

In an effort to shed additional light on the mechanistic
nature of the temporal lag prior to the entry of mRNA into
the decay pathway in the pabIA strains, we examined the 5’
cap status of transcripts experiencing the lag. This was
prompted by a recent discovery that some of the decapping
and the 5'-3" degradation steps of the major mRNA decay
pathway in yeast occur in the discrete cytoplasmic process-
ing bodies (P bodies; Sheth and Parker 2003). Importantly,
mRNA decay intermediates that lack the 5" cap appear to be
concentrated in P bodies, whereas the intact full-length
mRNAs are distributed throughout the cytoplasm (Sheth
and Parker 2003). This raises the possibility that transcripts
experiencing the lag were retained in the P bodies, but were

somehow resistant to further decay. To assess the cap status
of the mRNAs experiencing the lag, the RNA samples from
the transcriptional pulse-chase experiment conducted in the
YRP881 (pablA spb2A) strain were subjected to the exhaus-
tive treatment by recombinant Xrnlp in vitro. Xrnlp is a
Mg"*-requiring enzyme that readily degrades uncapped
RNA, but is inactive toward RNA containing the 5’ cap
structure. Degradation of the endogenous 7S rRNA precur-
sor, which is naturally uncapped, served as an internal con-
trol for the completeness of the Xrnlp digestion. As shown
in Figure 2, MFA2pG mRNA experiencing the lag prior to
its decay was completely resistant to the Xrnlp activity.
These data demonstrate that the lagging population of
mRNA retains its 5' cap, and thus rule out the possibility
that the observed lag is due to a sequestration of the mes-
senger RNA and shielding it from the 5'-3" exonucleolytic
degradation after it has undergone decapping.

Substitution of the PAB3 for the yeast Pab1p causes
synthetic lethality in combination with the rna15-2
and gle2-1

A genetic approach was also used to try to gain further
insight into the nature of the lag. We have demonstrated
previously that PAB3 is no longer capable of supporting cell
viability in yeast in the absence of the PAN3 gene, which
encodes a subunit of the poly(A) nuclease (PAN) that is
indispensable for the catalytic function of this enzyme. This
situation is essentially equivalent to a synthetic lethal inter-
action, if one assumes that the substitution of the plant
PAB3 for the endogenous yeast Pablp is equivalent to a
partial loss of function of Pablp. This assumption is justi-
fied, because the plant PAB3 cannot perform two of the
known functions of the yeast Pablp, that is, it neither pro-
tects the mRNA 5’ cap from the premature removal in
yeast, nor interacts with the yeast e[F4G. As a consequence,
it is incapable of supporting the poly(A)-dependent stimu-
lation of translation, as well as the synergy in translational
stimulation that is normally observed between the effects of
the 5" cap and the poly(A) tail in yeast cells. In addition,
PAB3 corrects the temporal lag prior to the entry of mRNA
into the decay pathway in the pabIA strains partially, rather
than perfectly (Chekanova et al. 2001).

The finding that pan3A mutation is synthetically lethal
with the substitution of PAB3 for Pablp prompted us to
conduct a series of binary synthetic lethal tests between the
substitution of PAB3 for Pablp and mutations in various
factors involved in mRNP biogenesis, processing, and ex-
port, including rnal4-1, rnal5-2, hrp1-3, nupl100A, nup145-
10, rat2-1, rat3-1, rat7-1, rat8-2, mex67-5, mir2-9, and
gle2-1 (see Table 1 and Materials and Methods). Two ad-
ditional synthetic lethal interactions were found among the
12 mutants tested. Importantly, we have observed no cor-
relation between the degree of the growth defect in the
various mutants tested and their tendency to exhibit syn-
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FIGURE 2. Assay of the 5" cap status of the MFA2pG mRNA during
the lag in the YRP881 (pabIA spb2A) strain. Total RNA samples cor-
responding to the time points of the transcriptional pulse-chase ex-
periment indicated on the top of the figure were treated with the
recombinant 5'-3" exonuclease Xrnlp in the presence or absence of
the EDTA, as indicated above the lanes. RNA in the lane marked A,
was deadenylated by the oligo(dT)/RNaseH treatment. Sequential
Northern blot hybridizations with the MFA2pG (top) and 7S rRNA
precursor (bottom) specific probes are shown.

thetic lethality in combination with the substitution of
PABS3 for Pablp. One of the synthetic lethal interactions was
with the rnal5-2 allele, and the other with gle2-1. Rnal5p is
a component of CFIA, a complex of four polypeptides that
is required for the pre-mRNA cleavage and polyadenylation
(Gross and Moore 2001). The notion of the evolutionarily
conserved functional link between the PABP and Rnal5p is
also corroborated by the earlier finding that the yeast Pablp
suppresses the rnal5-2 allele when overexpressed, and that
it interacts physically with Rnal5p in the pulldown experi-
ments in vitro (Amrani et al. 1997). Gle2p is an NPC-
associated protein. The gle2-1 mutation leads to an arrest of
mRNA export at nonpermissive temperature, as well as to
herniation and clustering of NPCs (Murphy et al. 1996). At
the permissive temperature, ~25% of gle2-1 cells exhibit
accumulation of the poly(A)™ RNA in the nucleus, but no
ultrastructural aberrations are evident (Murphy et al. 1996).
Furthermore, it was proposed recently that Gle2p may act
to help deliver an export complex to NPC (Blevins et al.
2003). Taken together with the biochemical data presented
below, these findings lead to a view that PAB3 participates
in the nuclear functions of Pablp in yeast. Specifically, the
genetic interactions with rnal5-2 and gle2-1 may suggest the
links between the evolutionarily conserved nuclear function
of PABP and early and/or late nuclear steps of mRNA bio-
genesis.

PAB3 enters the yeast cell nucleus and partially
rescues the poly(A) tail length control during
polyadenylation in vitro

A fraction of the endogenous yeast Pablp has been shown
previously to localize in the nucleus and associate with
CFIA (Minvielle-Sebastia et al. 1997). Genetic links between
the PAB3 function in yeast and nuclear proteins (above)
imply that PAB3 may also be present physically in the

nucleus of the yeast cell. To address this possibility, subcel-
lular fractionation of the PAB3-complemented YDB203
cells (pablA spb2A + PAB3) was undertaken. Cells from the
YDB203 strain were converted to spheroplasts, lysed, frac-
tionated by Percoll gradient centrifugation, and the nuclear
and the cytoplasm-enriched fractions probed with the
PAB3-specific antibodies. The data (Fig. 3) demonstrate
that a fraction of PAB3 is present in the nucleus in the
PAB3-complemented yeast strain. Densitometric scanning
and quantitation of the immunoblots suggest that at least
7% of the total cellular PAB3 in yeast is nuclear at steady
state, although this figure is likely to be an underestimate,
because the subcellular fractionation protocol causes partial
loss of the cytoplasmic material, as well as contamination of
the cytoplasmic fraction with the content of the lysed nuclei
(as can be seen from the distribution of the Nsplp signal,
Fig. 3). On the other hand, the extent of contamination of
the nuclear fraction with cytoplasmic material was esti-
mated by probing for an abundant cytoplasmic protein
Pgklp (Fig. 3) and for eIF4G (data not shown). No detect-
able cytoplasmic contamination was observed.

The genetic link between PAB3 function in yeast and the
endogenous Rnal5p, a subunit of the cleavage factor I, sug-
gests that PAB3 may be able to function in cleavage and/or
polyadenylation of pre-mRNA in yeast. To test this possi-
bility, we assayed cleavage, polyadenylation, as well as a
coupled cleavage/polyadenylation of the GAL7 pre-mRNA-
derived artificial substrate in extracts prepared from the
YDB220 (pablA spb2A + Pablp), YRP881 (pablA spb2A)
and YDB221 (pablA spb2A + PAB3) cells. We saw no evi-
dence of any influence of PAB3 on pre-mRNA cleavage
(data not shown). This was expected, because the yeast
Pablp also has no effect on the pre-mRNA cleavage step of
the 3’ end processing (Amrani et al. 1997; Kessler et al.
1997; Minvielle-Sebastia et al. 1997; Brown and Sachs
1998). Therefore, all subsequent assays were performed us-
ing the precleaved substrate. In the extracts YDB220 (pablA
spb2A + Pablp; Fig. 1B, left), as well as in the wild-type
extracts (data not shown), the precleaved substrate was ex-
tended by ~90 A residues, which closely parallels the extent
of polyadenylation observed in vivo. In contrast, in the
pablA spb2A cells (YRP881), control of the extent of poly-
adenylation was lost, resulting in the synthesis of the ab-
normally long poly(A) tails (~150 A residues). This phe-
nomenon has been observed previously in extracts prepared
from the Pablp-deficient, as well as PAN-deficient cells
(Fig. 1B; Amrani et al. 1997; Kessler et al. 1997; Minvielle-
Sebastia et al. 1997; Brown and Sachs 1998). Importantly, in
extracts prepared from the YDB221 (pablA spb2A + PAB3)
cells, control of the extent of polyadenylation was partially
restored, resulting in the maximum of the distribution
of the poly(A) synthesized at the 30-min time point of
~120 As.

Because in the previous studies PAN function has been
shown to be important for proper control of the polyade-
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FIGURE 3. Example of the plasmid shuffle test for the synthetic lethality between the substi-
tution of PAB3 for Pablp and mutations in various factors involved in mRNP biogenesis,
processing, and export (see Table 1 for the full listing). The respective mutant strains (rnal5-2,
nupl00A, gle2-1, and the wild-type control are shown) with their chromosomal PABI gene
disrupted and the functional copy of PABI provided on CEN/URA3 plasmid, were transformed
with either centromeric or high-copy (2 p) plasmid-bearing pGAL-PAB3 cassette, as indicated
at left. Transformants were grown in synthetic complete medium with uracil and dilution series
plated onto galactose or glucose-based synthetic medium with 5-FOA to select for the cells that
have lost the CEN/URA3/PABI plasmid. Only cells that grew on Gal/5-FOA, but not on
Glu/5-FOA, resulted from complementation of the pabl deletion by the pGAL-PAB3 expres-
sion cassette. Plating on the rich YPGal medium (to provide the total viable cell number) is also

shown. All plates were grown for 6 d.

nylation in vitro (Brown and Sachs 1998), its possible re-
quirement for the PAB3-mediated effect was also examined.
Extracts from the YDB236-8 (pablA spb2A pan3A + PAB3)
were also prepared and assayed side-by-side with the ex-
tracts from the YDB220 (pabIA spb2A + Pablp), YRP881
(pablA spb2A), and YDB221 (pabIA spb2A + PAB3) cells in
the 30-min endpoint assay, as well as in the kinetic assay, to
follow the dynamic pattern of changes in the poly(A) tail
length. Two main observations could be made. First, partial
restoration of the poly(A) tail length control by PAB3 was
completely dependent on the PAN function, as it was abol-
ished in the pan3A genetic background. Thus, the PABP-
stimulated, PAN-dependent control of the extent of the
poly(A) tail addition may be an evolutionarily conserved
phenomenon. Second, the kinetic behavior of the polyade-
nylation reaction was different in the Pablp containing
(strain YDB220, pabIA spb2A + Pablp), PABP-deficient
(strain YRP881, pabIA spb2A), and PAB3 containing (strain
YDB221, pabIA spb2A + PAB3) extracts. In the YDB220
extracts, the maximal extent of polyadenylation was reached
in 10 min, and no further changes in the poly(A) tail length
occurred thereafter. In contrast, although the initial rate of
polyadenylation in the pablA spb2A (strain YRP881) ex-
tracts was similar, the poly(A) addition continued through-
out the time course of the experiment. In the extracts from
the PAB3-expressing cells (YDB221), although polyadenyla-
tion also continued past the 10-min time point, it pro-
ceeded with the much slower apparent rate. Importantly, in
the extracts of YDB236-8 (pabIA spb2A pan3A + PAB3),
the dynamic pattern of changes of the poly(A) tail length
distribution was similar to those observed in the pabIA
spb2A (strain YRP881) extracts.
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Yeast Pablp interacts directly with
Pan3p (D. Mangus and A. Jacobson,
pers. comm.). The PAN requirement for
the partial restoration of the control the
poly(A) tail length by PAB3 in vitro, to-
gether with the synthetic lethality be-
tween the PAB3 substitution for the
yeast Pablp and the loss of Pan3p (Che-
kanova et al. 2001), prompted us to test
whether PAB3 and Pan3p might also in-
teract physically. To this end, immuno-
precipitation with anti Pan3p antibody
was conducted from the total extract of
the strain expressing PAB3 in the pabIA
spb2A background (strain yDB221), as
well as from an isogenic control strain
YDB236-8 that lacked the PAN3 gene
(Fig. 4C). In addition, a YDB203 strain,
which was complemented by PAB3, and
therefore, required its expression for
growth, and pablA spb2A PAN3 strain
YRP881 were also tested. PAB3 was de-
tected in the immunoprecipitates from
the yDB221 and YDB203 cells, but not from the YDB236-8
(pablA spb2A pan3A + PAB3) cells (Fig. 4C). Moreover,
this interaction was not bridged by RNA, because it was
insensitive to RNase A treatment (Fig. 4D). Thus, we con-
clude that PAB3 is able to partially control the extent of the
poly(A) tail addition in yeast extracts in the PAN-depen-
dent manner, and is able to interact with the PAN subunit
in yeast.

YPGal

PAB3 accelerates the entry of the newly synthesized
mRNA into the translated pool

In considering possible mechanisms of complementation of
the pablA phenotype by PAB3, it seemed counterintuitive
that just the acceleration of the mRNA decay, which results
from the lag correction by PAB3, would be sufficient for the
cell viability in the absence of the endogenous Pablp.
Rather, we reasoned that the expression of the plant PAB3
protein in the PABP-deficient yeast cells might have addi-
tional consequences on gene expression, other than just the
correction of the lag prior to the entry of the mRNA into
the decay pathway. We hypothesized that an acceleration of
the rate of mRNA biogenesis and/or export might be a part
of such a mechanism, because PAB3 functions in the 3’ end
processing in yeast (above), and because the endogenous
yeast Pablp also has been implicated in mRNA biogenesis,
and particularly in the 3’ end processing (Caponigro and
Parker 1995; Amrani et al. 1997; Kessler et al. 1997; Min-
vielle-Sebastia et al. 1997; Brown and Sachs 1998; Mangus et
al. 1998; Morrissey et al. 1999), which in turn is important
for mRNA export in yeast (Brodsky and Silver 2000; Hil-
leren et al. 2001; Dower and Rosbash 2002; Hammell et al.
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endpoint (left) and kinetic (right) polyadenylation assays in vitro using the precleaved substrate. Relevant genotypes of the strains from which the
extracts were prepared are shown at fop. Lanes marked S contain the precleaved substrate RNA only. (C) PAB3 copurifies with the yeast Pan3p
in a coimmunoprecipitation assay. Extracts from the yDB221 (pabIA spb2A + PAB3), yDB236-8 (pablA spb2A pan3A + PAB3), and YDB203
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control. Positions of the signals corresponding to PAB3 and IgG heavy chain are indicated by arrowheads. (D) Communoprecipitation of PAB3

and Pan3p from YDB203 extracts is resistant to treatment with 0.02-2 pg of RNase A for 40 min at room temperature.

2002). One expected consequence of such an activity of
PABP in facilitating mRNP biogenesis would be an accel-
eration of the rate of entry of the mRNA into the translated
pool.

To test this possibility, we have compared the kinetics of
accumulation of the protein encoded by the reporter
mRNA after its transcriptional induction in the PABP-de-
ficient and PAB3-expressing cells, as an indirect measure of
the kinetics of the entry of the reporter mRNA into the
translated pool. An advantage of using PAB3-expressing
strain in this analysis is that the Arabidopsis PAB3 supports
neither the poly(A)-dependent enhancement of translation
nor the poly(A)/cap synergy in yeast (Chekanova et al.
2001). Thus, any effect of PAB3 on the kinetics of the ac-
cumulation of the protein that is encoded by the reporter
mRNA toward its steady state would be largely due to an
effect of PAB3 on the kinetics of the entry of the mRNA into
the translation cycle, rather than due to effects on the
mRNA translation efficiency.

Because the very small size and an extreme hydropho-
bicity of the MFA2-encoded peptide made quantitative
Western analyses difficult, a different reporter was used in
this assay. Yeast SSA4 mRNA, which encodes a Hsp70-type
heat-shock protein Ssadp, is virtually undetectable in cells
grown at 28°C, but is rapidly induced after the shift to 42°C.
In the YDB221 (pabIA spb2A + PAB3) cells, SSA4 mRNA
level peaked at a ~30-min time point after its induction by
heat shock and then declined, which reflected its decay (Fig.
5A). In contrast, in the YRP881 (pabIA spb2A) cells, SSA4
message was stable throughout the time course of the ex-
periment. Thus, SSA4 mRNA is also subject to the lag prior
to the onset of mRNA decay, and this lag was corrected by
the Arabidopsis PAB3 in yeast at 42°C. The critical obser-
vation was that PAB3 also reproducibly accelerated the rate
of accumulation of the Ssa4p protein toward its steady-state
level (Fig. 5B), so that the Ssadp steady state was reached
faster in the YDB221 (pablA spb2A + PAB3) cells than in
the YRP881 cells lacking PABP (15 min versus 30 min).
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FIGURE 5. Kinetics of the accumulation of the SSA4 mRNA (A,
Northern blot) and Ssa4p heat-shock protein encoded by it (B, West-
ern blot) in the YRP881 (pabIA spb2A) and YDB221 (pabIA spb2A +
PAB3) strains after the shift to 37°C. ACTI mRNA (A) and nonspecific
crossreacting asterisk (B) were used as loading controls.

Because PAB3 supports neither the poly(A)-dependent
stimulation of the initiation of the protein synthesis in
yeast, nor the 5" cap/poly(A) translational synergy (Chek-
anova et al. 2001), we conclude that the PAB3-dependent
acceleration of the rate of approach of the Ssadp protein
level toward its steady state reflects the acceleration of the
entry of SSA4 mRNA into the translated mRNA pool by
PAB3.

PAB3 overexpression rescues the cold-sensitive
phenotype and mRNA export defect of the yeast
nab2-1 mutant

The above observation that PAB3 was able to accelerate the
rate of entry of the SSA4 mRNA into the translated pool in
yeast, as well as the known role of the yeast Pablp in mRNA
biogenesis, led us to test the possibility that the Arabidopsis
PAB3 could affect the mRNA export in yeast. It has been
demonstrated recently that overexpression of the yeast
Pablp, or targeting of the Pablp into the nucleus, lead to
the suppression of the cold-sensitive lethal phenotype and
the mRNA export block of the nab2-21 mutant (Hector et
al. 2002). The Nab2p protein is one of the shuttling hnRNP
proteins in yeast that associates with the poly(A)* mRNA in
the nucleus, and plays an important role in facilitating the
assembly of the export-competent mRNP (Green et al.
2002; Hector et al. 2002). In addition, Nab2p has a second
function in the poly(A) tail length control during nuclear
polyadenylation, and the nab2 mutant cells accumulate hy-
peradenylated mRNA (Hector et al. 2002). Overexpression
or nuclear targeting of Pablp suppressed the cold-sensitive
lethality and mRNA-export defect, although it had no effect
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on the poly(A) tail length control defect in the nab2-21 cells
(Hector et al. 2002). This suggests that Pablp may have a
role in the biogenesis of the export-competent mRNP that
is distinct from the poly(A) tail length control per se.

We have asked whether the heterologous PAB3 would be
able to restore the mRNA export in the nab2 mutant cells.
We chose a different nab2 allele, nab2-1, as it showed much
lower frequency of spontaneous suppressors and/or rever-
tants than nab2-21. Also, nab2-1 had a considerably less-
pronounced poly(A) tail length-control defect, compared
with nab2-21 (Fig. 6A). However, much like with nab2-21
allele, this poly(A) tail length defect was equally evident at
both permissive and nonpermissive temperatures (Fig. 6A).
The nab2-1 mutant is also cold sensitive, and shows an
accumulation of the poly(A)" mRNA in the nucleus at the
nonpermissive temperature (Fig. 6C; Green et al. 2002).

We overexpressed the plant PAB3 from the ADH1 pro-
moter construct borne on a high-copy plasmid (this re-
sulted in ~2.5-3-fold higher levels of PAB3 compared with
the amount of Pablp in the wild-type strain; data not
shown), and also added one extra copy of the PABI gene on
a single-copy plasmid [approximately twofold overexpres-
sion of PAB1 was sufficient to rescue the mRNA export
defect and cold sensitivity of nab2-21 mutant (Hector et al.
2002)], in the nab2-1 strain. In either case, the poly(A) tail
length distribution was not changed noticeably (Fig. 6A).
However, PAB3 reproducibly rescued the cold sensitivity of
the nab2-1 cells at 14°C, even though the rate of growth was
still slower than in the cells containing one extra copy of
PABI (Fig. 6B). The effect of PAB3 on the mRNA export
defect at 18°C was then tested by FISH with the oligo(dT)
probe. Importantly, PAB3 partially reversed the nuclear ac-
cumulation of the poly(A)" mRNA observed in the nab2-1
cells at 18°C (Fig. 6C), suggesting that PAB3 can stimulate
mRNA biogenesis and/or export in yeast.

DISCUSSION

Evidence presented in this work strongly suggests that eu-
karyotic PABP has an evolutionarily conserved function in
facilitating mRNA biogenesis and export. First, the Arabi-
dopsis PABP, PAB3, accelerated the entry of the mRNA into
the degradation pathway, as well as its entry into the trans-
lated pool when expressed in yeast. Second, plant PABP was
present physically in the yeast cell nucleus in the comple-
mented yeast strain, and it partially restored the poly(A) tail
length control during polyadenylation reaction, in the
PAN-dependent manner. Third, the substitution of the
plant PAB3 for the endogenous yeast Pablp resulted in
synthetic lethality with rnal5-2, an allele of the gene encod-
ing the Rnal5p subunit of the nuclear factor CFI, which is
required for the pre-mRNA cleavage, as well as polyade-
nylation, and with gle2-1, a mutant allele of the gene en-
coding the NPC-associated protein. Fourth, overexpression
of the plant PABP in yeast rescued the cold sensitivity and
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alleviated the mRNA export block of the nab2-1 mutant
strain, which is defective in one of the shuttling hnRNP
proteins required for mRNA export.

The possible role of the mRNA poly(A) tails, and by
implication, PABP, in the nucleocytoplasmic mRNA trans-
port has been a subject of a number of studies in a variety
of eukaryotic systems. Early experiments by Krowczynska et
al. (1985) showed that all mRNA that is exported to the
cytoplasm is polyadenylated, whereas the cytoplasmic
poly(A)™ species are derived from those that are poly(A)™
during transport. On the other hand, a study that used the
polyadenylation inhibitor cordycepine, suggested that
poly(A) is not strictly required for transport, although it
might have a stimulatory role (Zeevi et al. 1982). The poly-
adenylated SV40 transcripts synthesized in vivo from the
transfected templates were found to preferentially partition
into the cytoplasm in Xenopus oocytes (Wickens and Gur-
don 1983) and human cells (Connelly and Manley 1988),
relative to the poly(A)™ ones. Similarly, appending a RNA
pol II 3" end processing signal onto a reporter gene of
bacterial origin resulted in an increase in its cytoplasmic-

to-nuclear steady-state ratio in COS cells (Eckner et al.
1991). RNA microinjection studies in Xenopus oocytes also
suggested that poly(A) is stimulatory, although it may not
be absolutely required for export (Jarmolowski et al. 1994).
The NSI protein of influenza virus inhibits polyadenylation
of cellular transcripts, and thereby prevents their export
(Nemeroff et al. 1998). Evidence obtained in the COS cells
argues that poly(A) tails promote export, but it appears that
it is the dynamic process of the 3’ end formation, rather
than just the mere presence of a monotonous run of A
residues near the 3’ end, is what is required for the efficient
mRNA export (Huang and Carnichael 1996), because a
poly(A) tract encoded in the body of the transcript was not
sufficient.

In yeast, the RNA pol II transcripts that lack a polyade-
nylation signal were shown to be retained in the nucleus, as
visualized by in situ hybridization (Long et al. 1995). Using
another technology, on the basis of the tethering of GFP to
the reporter transcripts, Brodsky and Silver (2000) have
observed mRNA export defects in the rnal4-1, rnal5-2,
hrp1-3, and papl-1 strains, which are conditionally defec-
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tive in the components of CFI and PAP, respectively. Fur-
thermore, in a screen for a failure to export the SSA4 mRNA
at an elevated temperature, Hammell et al. (2002) have
found several alleles of RNA15, RNA14, FIPI, and PAPI.
Dower and Rosbash (2002) have found that the T7 RNA
polymerase transcripts accumulate in the nucleus, unless
they are cleaved and polyadenylated by the machinery that
normally processes the RNA pol II transcripts. All of these
findings indicate the link between the mRNA 3’ end pro-
cessing, polyadenylation, and export. Interestingly, the
rnal5-1 mutant was found to have a very slow mRNA decay
rate (Gonzalez et al. 2000). This could be due to a lag prior
to the mRNA export, similar to the one that is observed in
the pabl mutant strains, occurring because of improper
maturation of the 3’ terminal domain of the mRNP.

Yeast Pablp has been functionally linked previously to
Pbplp, a predominantly nuclear, Pablp-interacting protein
that facilitates proper polyadenylation (Mangus et al. 1998).
However, the role of Pablp in the nuclear steps of mRNA
biogenesis may be broader than just the control of the
length of the newly made poly(A) tails. This view is con-
sistent with the results of Hector et al. (2002) that nuclear
Pablp can suppress the mRNA export defect of the nab2-21
cells in a way that can be genetically uncoupled from the
control of the poly(A) tail length by Pablp. Rather, these
findings, together with the ones presented here, suggest that
the dynamic process of formation of the proper architecture
of the 3" domain of mRNP may be essential.

Our results may seem at odds with the results of Ka-
dowaki et al. (1992), who found that inactivation of the
temperature-sensitive pabl-F364L allele did not visibly
change the nucleocytoplasmic distribution of the poly(A)*
RNA, as visualized by in situ hybridization. However, the
pabl-F364L allele that was used in that study has an ex-
tremely slow turnover rate (Sachs and Davis 1989). Thus, in
the absence of definitive information as to whether it is
temperature sensitive for function of the existing protein, or
for the de novo synthesis of the functional polypeptide,
these findings should be interpreted with caution. Second,
this experiment, as well as many other studies examining
the possible role of poly(A) and PABP in mRNA export,
relied exclusively on the assays that are static in nature (such
as FISH), and as such, did not directly address the possi-
bility of more subtle changes in the rate of mRNA export.
On the other hand, our data presented in this work suggest
that PABP facilitates mRNA export, rather than being
strictly required for it.

Interestingly, in Schizosaccharomyces pombe, PABP
shuttles between the nucleus and the cytoplasm, and im-
portantly, its overexpression could suppress conditional le-
thality, as well as an associated mRNA export defect of a
rael-167 nupl84-1 synthetic lethal strain (Thakurta et al.
2002). It should be pointed out that RAEI of S. pombe is a
homolog of the Gle2p of S. cerevisiae, which is functionally
implicated in the evolutionarily conserved PABP function
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by our finding of synthetic lethality between the gle2-1 allele
and a substitution of the plant PAB3 for the yeast Pablp.
The ability of the S. pombe PABP to shuttle is directly re-
lated to its ability to rescue this mRNA export defect
(Thakurta et al. 2002). However, this function of PABP in
mRNA export is apparently redundant with other factors in
S. pombe, as the loss of the S. pombe PABP does not lead to
mRNA export defects, and, in fact, has no discernible phe-
notype at all. It is also significant in this context that the S.
cerevisiae Pablp interacts with Xpolp, a nucleocytoplasmic
transport receptor, and shuttles between the nucleus and
the cytoplasm in a Xpolp-dependent manner (Hammell et
al. 2002). The nucleocytoplasmic shuttling ability seems to
be conserved in PABP from other eukaryotic species, in-
cluding human (Afonina et al. 1998) and Leishmania (Bates
et al. 2000). Moreover, human PABP is also subject to ar-
ginine methylation (Lee and Bedford 2002), which is a
modification that is characteristic of many shuttling pro-
teins that are involved in nucleocytoplasmic transport (Mc-
Bride and Silver 2001).

The findings presented here and elsewhere (Thakurta et
al. 2002) of the genetic links between the nuclear function
of PABP and Gle2p, a NPC associated factor, suggest the
inner face of the NPC as another possible site of PABP
action in the nucleus. On the other hand, a series of recent
studies (Burkard and Butler 2000; Hilleren et al. 2001;
Jensen et al. 2001a,b; Andrulis et al. 2002; Libri et al. 2002;
Zenklusen et al. 2002) have led to a view of a release of the
pre-mRNA from the transcription site as a distinct, regu-
lated step in the biogenesis of functional mRNP that in-
volves the nuclear exosome (for reviews, see Neugebauer
2002; Jensen et al. 2003). These results suggest an additional
possibility (which is not mutually exclusive with the pos-
sible role in the NPC-associated step), that the role of PABP
as an evolutionarily conserved facilitator of mRNA biogen-
esis may be linked to a release of the mRNP from the site of
transcription. Future experiments will attempt to resolve, or
reconcile these possibilities.

MATERIALS AND METHODS

Plasmid constructs

The MFA2-MS2-RZ construct used for the experiments shown in
Figure 1 was pMM2-6 (Coller et al. 1998), kindly provided by Jeff
Coller (University of Arizona). The constructs used for expressing
Pablp and PAB3, pDB464 (TRP1/CEN/PABI), pDB419 (TRP1/
CEN/pGAL1-PAB3), pDB463 (TRP1/2u/pADHI-PAB3), and
pDB488 (G418/TRP1/2u/pADHI-PAB3) were described previ-
ously (Chekanova et al. 2001). The construct pDB493 is equivalent
to pDB488, except that its TRPI marker was disrupted via linear-
ization at the EcoRV site and limited digestion with ExolIll and
mung bean nucleases, followed by religation. The construct
pDB490 (G418/CEN/PABI) was similarly derived from the
pDB489 (G418r/TRP1/CEN/PABI; Chekanova et al. 2001) via dis-
abling the TRPI marker.
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Yeast strains and techniques

To construct the yeast strains for the synthetic lethal tests, strains
bearing mutations in the various factors involved in mRNA pro-
cessing or export (shaded gray in the Table 1) were first trans-
formed with the pAS77, a CEN/URA3/PABI plasmid (Sachs and
Davis 1989). The chromosomal copy of the PABI gene was then
disrupted by transformation with linear DNA fragments contain-
ing HIS3, LEU2, or TRPI marker (depending on the strain used),
flanked by the 300 bp from the native 5" and 3’ flanking regions
of PABI. Chromosomal integrants were selected on the basis of the
PCR assay using the pair of primers corresponding to the PABI
sequence, one within and one outside of the sequence present in
the integrated fragment, and subsequently verified by Southern
analysis. Then, the PAB3-expressing construct was introduced,
which consisted of a pGALI-PAB3 cassette identical to that of
pDB419, on both CEN and 2p-based plasmids with either LEU2,
HIS3, or Geneticin resistance marker, as dictated by the auxotro-
phies of the respective strains. Transformants were grown in syn-
thetic medium containing uracil, and dilution series spotted onto
YPD, SC galactose + 5 FOA, and SC glucose + 5-FOA plates. The
carbon-source dependence of growth was used as a criterion to
exclude the spontaneously arising extragenic suppressors of pabIA
mutation. Other yeast strains used in this work are listed in Table
1. General yeast genetic methods were according to Guthrie and
Fink (1991).

Purification of Xrn1p and cap status assays

The His-tagged Xrnlp was expressed in the yeast strain BJ5464
from the construct pAJ95 (2u/LEU2/pGAL10-XRNI1-HA-His,, a
kind gift from Arlen Johnson, University of Texas, Austin) as
described previously (Johnson and Kolodner 1991), and protein
purified on a Ni** column as suggested by the manufacturer
(QIAGEN). Treatment of total RNA with the purified Xrnlp was
as per Boeck et al. (1998).

Subcellular fractionation

The YDB203 cells grown in YPGal to ODg,, = 0.5 were converted
to spheroplasts, lysed, and washed as described by Azad et al.
(2001) and fractionated on Ficoll gradient according to Aris chap-
ter (Dove et al. 1998). Equivalent proportions of total, nuclear,
and cytoplasmic material were analyzed by immunoblotting as
shown in Figure 4.

RNA analyses

RNA decay analyses, transcriptional pulse-chase experiments, and
total poly(A) tail length analysis were done as described previously
(Chekanova et al. 2001). The 7S rRNA precursor probe (oligo 020)
and hybridization conditions were according to Mitchell et al.
(1997).

Immuprecipitation and immunonoblotting

Antibodies were used in immunoblotting experiments in the fol-
lowing dilutions: against PAB3 (rabbit polyclonal), at 1:1000;
against Pgklp (mouse monoclonal, Molecular Probes), at 0.5 ug/
mL; against Nsplp (mouse monoclonal [Tolerico et al. 1999], a

kind gift from John Aris, University of Florida, Gainesville), at
1:10000; and against Ssa4p (rabbit polyclonal, a kind gift from
Elizabeth Craig, University of Wisconsin), at 1:3000. Immunoblots
were quantitated using GEL Quant v. 1.0 (Multiplexed Biotech-
nologies, Inc.). Immunoprecipitation was conducted in 100 uL of
buffer using a 1:1000 dilution of the rabbit antiserum raised
against the Pan3p (Brown and Sachs 1998). The immunoprecipi-
tates were captured on 20 pL of the protein A agarose beads (Santa
Cruz), washed seven times with 500 pL of PBS, and bound mate-
rial eluted into SDS-PAGE loading buffer, and probed with PAB3
antiserum. Immunoprecipitates shown in Figure 4D were treated
with indicated amounts of RNase A for 40 min at room tempera-
ture prior to washes.

In vitro polyadenylation assays

Extracts were prepared by the liquid nitrogen homogenization
method, and assays performed as described previously by Brown
and Sachs (1998).

Fluorescent in situ hybridization

FISH with a Cy3-labeled oligo(dT),, probe was carried out as
described in Vainberg et al. (2001).
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