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ABSTRACT

The nuclear poly(A) binding protein (PABPN1) has been suggested, on the basis of biochemical evidence, to play a role in mRNA
polyadenylation by strongly increasing the processivity of poly(A) polymerase. While experiments in metazoans have tended to
support such a role, the results were not unequivocal, and genetic data show that the S. pombe ortholog of PABPN1, Pab2, is
not involved in mRNA polyadenylation. The specific model in which PABPN1 increases the rate of poly(A) tail elongation has
never been examined in vivo. Here, we have used 4-thiouridine pulse-labeling to examine the lengths of newly synthesized
poly(A) tails in human cells. Knockdown of PABPN1 strongly reduced the synthesis of full-length tails of ∼250 nucleotides, as
predicted from biochemical data. We have also purified S. pombe Pab2 and the S. pombe poly(A) polymerase, Pla1, and
examined their in vitro activities. Whereas PABPN1 strongly increases the activity of its cognate poly(A) polymerase in vitro,
Pab2 was unable to stimulate Pla1 to any significant extent. Thus, in vitro and in vivo data are consistent in supporting a role
of PABPN1 but not S. pombe Pab2 in the polyadenylation of mRNA precursors.
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INTRODUCTION

The poly(A) tails of eukaryotic mRNAs are covered by specif-
ic proteins, which differ between the nucleus and the
cytoplasm. The cytoplasmic poly(A) binding proteins are
composed of four RRM domains and a C-terminal α-helical
domain and function mainly in translation and the control of
mRNA decay (Mangus et al. 2003; Kühn and Wahle 2004;
Wigington et al. 2014). The nuclear poly(A) binding proteins
(PABPN1 in mammals) contain a single RRM domain,
which mediates RNA binding together with a presumably
unstructured C-terminal domain rich in dimethylarginine.
An N-terminal highly acidic region of unknown function is
less conserved and separated from the RRM by a coiled-coil
segment (Nemeth et al. 1995; Smith et al. 1999; Kühn et al.
2003; Ge et al. 2008; Song et al. 2008). Apparently with the
exception of S. cerevisiae (Winstall et al. 2000), PABPN1 ap-
pears to be conserved among all model organisms.
Additional RNA binding proteins with specificity for poly(A)
have been reviewed (Wigington et al. 2014).
PABPN1 was discovered through its stimulating influence

on the polyadenylation of mRNA precursors in vitro (Wahle
1991a). Biochemical experiments led to the following model:
After cleavage of the pre-mRNA, polyadenylation is initiated

by poly(A) polymerase with the help of the cleavage and poly-
adenylation specificity factor (CPSF), which binds the polya-
denylation signal AAUAAA. The polymerase by itself is
barely active due to a low affinity for RNA, but acts more effi-
ciently in the presence of CPSF. PABPN1 associates with the
growing poly(A) tail once it is 10–12-nt long and contributes
to the stimulation of poly(A) polymerase: CPSF and PABPN1
cooperatively tether the enzyme to the RNA and thus make it
highly processive. The processive reaction generates a poly(A)
tail of ∼250 nt, then the contact between CPSF and the ad-
vancing poly(A) polymerase is severed. During further exten-
sion of the tail, poly(A) polymerase is stimulated only by
PABPN1, thus poorly processive and slow. This mechanism
results in relatively homogeneous polyadenylation products
near 250 nt in length (Wahle 1995; Kerwitz et al. 2003;
Kühn et al. 2009). Both rapid elongation and the final prod-
uct length are very similar to what has been observed in early
pulse-labeling studies in vivo (Sawicki et al. 1977; Brawerman
1981). In agreement with a function in pre-mRNA polyade-
nylation in the cell nucleus, mammalian PABPN1 is nuclear
at steady state (Krause et al. 1994; Calado et al. 2000).
PABPN1 has functions in addition to nuclear poly(A) tail

elongation. A participation in cytoplasmic polyadenylation
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during embryo development has been described for PABP2,
the PABPN1 ortholog of Drosophila (Benoit et al. 2005), and
an embryo-specific ortholog in Xenopus is also localized in
the cytoplasm (Cosson et al. 2004; Good et al. 2004).
PABPN1 affects pre-mRNA cleavage at the poly(A) site, in-
cluding alternative poly(A) site choice (de Klerk et al. 2012;
Jenal et al. 2012; Chartier et al. 2015; Li et al. 2015), in agree-
ment with its observed association with nascent RNA (Bear
et al. 2003; Lemieux and Bachand 2009). Studies in S. pombe,
in which the gene encoding the ortholog of PABPN1, pab2, is
not essential (Perreault et al. 2007), first indicated a role of
the protein in 3′ trimming or degradation of RNA: Cells
with a Δpab2 mutation accumulate polyadenylated, 3′-ex-
tended snoRNA precursors. This has been attributed to
Pab2 promoting the trimming of such RNAs by the exosome
(Lemay et al. 2010). Pab2-dependent exosome activity was
then found to be responsible for the degradation of meio-
sis-specific transcripts (St-Andre et al. 2010; Yamanaka et
al. 2010) and of unspliced pre-mRNAs in S. pombe
(Lemieux et al. 2011) and of a number of lncRNAs and other
RNAs in human cells (Beaulieu et al. 2012; Bresson and
Conrad 2013; Bresson et al. 2015). A knockdown of
PABPN1 in mammalian cells also leads to an accumulation
of polyadenylated telomerase RNA precursors, reflecting a
role of the protein in polyadenylation of these RNAs and/
or in their processing by the 3′ exonuclease PARN (Nguyen
et al. 2015).

A role of PABPN1 in pre-mRNA polyadenylation has been
supported by a number of in vivo studies, but the results were
not unequivocal. In Drosophila, the PABP2 gene is essential
for viability: Flies homozygous for a null allele die at late em-
bryonic/early larval stages even before maternally supplied
Pabp2 protein has been exhausted. Bulk poly(A) and
steady-state poly(A) tails of two specific messages were found
to be shorter in pabp2 mutants; however, poly(A) tails of a
third mRNA, Hsp70, were not affected. Amino acids in the
coiled-coil domain that are essential for the ability of
PABPN1 to stimulate poly(A) polymerase were originally
identified in the mammalian protein. The equivalent residues
are also essential for the function of fly Pabp2 in vivo. These
results support an essential role of PABP2 in pre-mRNA pol-
yadenylation (Benoit et al. 2005).

Regarding mammalian cells, knockdown of PABPN1 in
myoblasts led to a modest decrease in steady-state bulk
poly(A) tail length (Apponi et al. 2010). Splicing of some 3′-
terminal exons is dependent on polyadenylation, and these
splicing events are sensitive to a depletion of either PABPN1
or canonical poly(A) polymerase, as would be expected
from the cooperation of these proteins in poly(A) tail synthe-
sis (Muniz et al. 2015). Nuclear degradation of different types
of transcripts by the exosome depends on their “hyperadeny-
lation,” i. e., addition of excessively long poly(A) tails (Bresson
andConrad 2013; Bresson et al. 2015). RNAi and experiments
with a dominant-negative mutant showed that hyperadenyla-
tion depends on the “canonical” poly(A) polymerases α and γ

and on PABPN1, again consistent with PABPN1 stimulating
the activity of poly(A) polymerase. The addition of “regular”
poly(A) tails was not prevented either by knockdown of
PABPN1 or by the combined depletion of both canonical
poly(A) polymerases, suggesting that low concentrations of
the proteins involved are sufficient for regular polyadenyla-
tion but not hyperadenylation. As discussed by the authors
(Bresson et al. 2015), this can be explained by the model de-
scribed above: Distributive hyperadenylation depends only
on poly(A) polymerase and PABPN1, whereas processive pol-
yadenylation generating regular poly(A) tails is also supported
by CPSF and thus is more robust.
In contrast to these studies in metazoan cells, experiments

examining S. pombe Δpab2mutants provide the most persua-
sive argument against a conserved role of PABPN1 in nuclear
pre-mRNA polyadenylation: Bulk poly(A) is longer in the
mutant than in the wild-type, reflecting the presence of
some hyperadenylated RNA species. Poly(A) tail lengths of
two specific mRNAs analyzed did not differ between mutant
and wild-type (Perreault et al. 2007; Lemay et al. 2010). These
data suggest that either a function of PABPN1 in pre-mRNA
polyadenylation is not conserved in S. pombe or that the data
supporting such a function in mammalian cells have been
misleading.
Experiments concerning the role of PABPN1 in polyade-

nylation in vivo have had to deal with two problems: First,
with the exception of the viable S. pombe Δpab2 mutant,
studies are inevitably limited to situations in which some re-
sidual PABPN1 is still present, and even low concentrations
of the protein have a significant effect on polyadenylation
in vitro (Wahle 1995). Second, the extent to which a deple-
tion of PABPN1 can be expected to cause a detectable pheno-
type in the steady-state length distribution of mRNA poly(A)
tails is unclear: Even a complete PABPN1 depletion would
not be expected to result in an outright failure of polyadeny-
lation, as pre-mRNAs will still be polyadenylated in a less rap-
id manner due to the CPSF-dependent activity of poly(A)
polymerase. The tail lengths generated in this type of reaction
would depend on many variables, e.g., the time available be-
fore nuclear export of the RNA. In addition, differences in
poly(A) tail lengths initially generated in the cell nucleus
can be expected to be blurred by subsequent poly(A) tail
shortening in the cytoplasm. For the same reasons, unaltered
steady-state levels of mRNAs upon PABPN1 depletion
(Beaulieu et al. 2012) are not a convincing argument against
a role of PABPN1 in polyadenylation.
Here we confirm that efficient depletion of PABPN1 has a

modest effect on steady-state lengths of bulk poly(A) in a
mammalian cell line. In contrast, the inhibition of initial
poly(A) synthesis was much more pronounced. We also re-
port that the S. pombe Pab2 protein does not stimulate its
cognate poly(A) polymerase to a significant extent in vitro,
consistent with genetic data. The data thus support a role
of mammalian PABPN1 in pre-mRNA polyadenylation but
suggest that this function is not universally conserved.
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FIGURE 1. (Legend on next page)
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RESULTS

Mammalian PABPN1 is involved in poly(A) tail synthesis
in vivo

In order to specifically address the idea that PABPN1 affects
the rate of poly(A) tail elongation, we designed an experiment
to examine the lengths of newly synthesized poly(A) tails (Fig.
1A): HEK293 cells were treated twice with siRNAs directed
against PABPN1 or with a control siRNA. Western blots
showed that the siRNAs against PABPN1 caused a depletion
of the protein by more than 90% (Fig. 1B). The cells were
pulse-labeled with 4-thiouridine for 10 or 30min. After isola-
tion of total RNA, pulse-labeled RNA was biotinylated and
separated from unlabeled steady-state RNA on streptavidin
beads. In both pulse-labeled and steady-state RNA, bulk
poly(A) tail lengths were then measured by 3′-end-labeling
of the RNA and digestion of all non-poly(A) sequences by a
mixture of RNases A and T1. The remaining end-labeled
poly(A) tails were analyzed on denaturing polyacrylamide
gels (Fig. 1C,D). Controls showed that the nuclease treatment
left poly(A) intact but degraded other sequences to comple-
tion (Fig. 1C, lanes 21–26). In four pulse-labeled control sam-
ples (four cell samples transfected with control siRNA in
parallel but independently, two each for the 10-min and 30-
min pulse), a pronounced peak was visible at a poly(A) tail
length between 200 and 240 nt (Fig. 1C, lanes 11,12,16, and
17 and Fig. 1D). This is in excellent agreement with early ra-
dioactive pulse-labeling studies leading to an estimate of an
average length of 230 nt for newly synthesized poly(A) tails
(Brawerman 1981). In the corresponding samples of the
PABPN1 knockdown (six samples transfected in parallel but
independently, three each for the 10-min and 30-min pulse),
two differences were obvious in comparison to the controls:
The length distribution of poly(A) tails was much more uni-
formwith only aweak peak at the upper limit. In addition, the
poly(A) tails forming this weak peak were up to 50 nt shorter
compared to the main peak of the control samples (Fig. 1C,
lanes 13–15 and 18–20 and Fig. 1D). Even in the steady-state
samples a clear size difference was visible, with poly(A) tails in
the intensity peak ∼20 nt and those at the upper end of the
length distribution 20–80 nt shorter in the PABPN1 knock-

down (Fig. 1C, lanes 1–10 and Fig. 1D). Similar results were
obtained with an independent siRNA directed against
PABPN1 (Supplemental Fig. 1). A deficit in the synthesis of
full-length poly(A) tails upon PABPN1depletion was also vis-
ible by RT-PCR analysis of two individual mRNAs
(Supplemental Fig. 2). The results fully support the model
for PABPN1 activity based on in vitro studies: In normal cells,
the cooperative stimulation of poly(A) polymerase by CPSF
and PABPN1 leads to a rapid poly(A) tail elongation to
200–250 nucleotides (nt). At this length, CPSF loses its con-
tact with poly(A) polymerase so that only a poorly processive
and therefore slow elongation beyond ∼250 nt is possible.
This results in the sharp peak in the length distribution of
newly synthesized tails visible in the control samples. Upon
PABPN1 depletion, polyadenylation is dominated by a poorly
processive, inefficient reaction relying on CPSF alone, in
which poly(A) tails grow more slowly without a clear cut-off.
Not surprisingly, cell growth was disturbed by the knock-

down of PABPN1. For example, total RNA yield in the
PABPN1 knockdown samples was 73% of the control in
the experiment of Figure 1 (90 ± 15 µg RNA in the control,
n = 4; 65 ± 12 µg RNA in the PABPN1 knockdown, n = 6).
In order to ascertain that the observed effects on poly(A) syn-
thesis were specific and not due to generally poor conditions
of the cells, we carried out two types of controls: First, nucle-
otide pools in PABPN1 knockdown and control cells were
measured by HPLC. Pools of AMP, ADP, and ATP were in-
distinguishable in PABPN1-depleted and control cells, and,
as a result, the energy charge was also the same (Fig. 2A,B).
This indicates a normal metabolic state of the knockdown
cells and, in particular, excludes low ATP levels as a cause
for inefficient polyadenylation. As a second control, the effi-
ciencies of splicing and 3′ cleavage of two different pre-
mRNAs were examined by RT-qPCR analysis of the newly
made RNA (Fig. 2C–E). Amounts of unprocessed precursor
RNAs were normalized against the corresponding mature
RNAs (GAPDH and ACTB) as a gauge of processing efficien-
cy. No significant difference was found between PABPN1-de-
pleted and control cells. Comparison to the levels of the stable
U6 snRNA did not reveal an accumulation of unprocessed
precursor RNAs either (Fig. 2C–E). We conclude that the
defect in pre-mRNA polyadenylation observed upon

FIGURE 1. Depletion of PABPN1 by RNAi inhibits the synthesis of poly(A) tails. (A) Overview of the procedure to examine the effect of PABPN1
depletion on poly(A) tail synthesis in vivo. Biotin-HPDP is the reagent used for biotinylation of 4sU-labeled RNA. (B) A PABPN1 knockdown was
performed with siRNA PABPN1_b in six cell samples in parallel. The Western blot (upper panel) shows that, in all samples, PABPN1 content was
reduced to 10% or less in comparison to the controls (four independent samples). Recombinant PABPN1 was used as a positive control (lane
17). The first, second, and second to last lanes contained two different sets of marker proteins, one of which cross-reacted with the antibody. In ad-
dition to Ponceau staining of the membrane (lower panel), vinculin and a band cross-reacting with the PABPN1 antibody were used as loading con-
trols. (C) Result of the analysis carried out as outlined in A. (P1—P6) RNA preparations obtained from PABPN1 knockdown cells. Lanes 11–15 are
longer exposures from the same gel. Three controls for the specificity of the RNase digestion were carried out: Commercial ribosomal RNA from E. coli
was digested to completion (compare lanes 21 and 24), size-fractionated poly(A) was not affected (compare lanes 22 and 25), and L3pre RNA with a
poly(A) tail of ∼100 nt was reduced to the expected size (compare lanes 23 and 26). Sizes of DNA markers, loaded in multiple lanes, are indicated on
the left. (D) Lanes 6–10 (upper panel) and 16–20 (lower panel) from the gel shown in C were scanned. Knockdown samples are shown in different
shades of red, control samples are in shades of blue. Vertical lines show the positions of the intensity peaks compared to the size markers. This is
one out of four experiments performed with the same siRNA (in total, 13 knockdown samples each for control and PABPN1 siRNA).
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depletion of PABPN1 is specific and reflects the role of the
protein in enhancing the activity of poly(A) polymerase.

The Schizosaccharomyces pombe ortholog of PABPN1
does not affect its cognate poly(A) polymerase in vitro

While the results described above lend satisfactory support to
themodel of PABPN1 function derived from biochemical ex-

periments, they leave open the question why a Δpab2 muta-
tion in S. pombe does not cause a defect in polyadenylation.
PABPN1 strongly stimulates the activity of mammalian
poly(A) polymerase in vitro, either in a cooperative reaction
with CPSF or on its own (Wahle 1991a; Kerwitz et al. 2003;
Kühn et al. 2009). Therefore, we examined whether S. pombe
Pab2 would have a comparable effect on its cognate poly(A)
polymerase.
For the purpose of these experiments, both Pab2 and Pla1,

the canonical poly(A) polymerase from S. pombe (Ohnacker
et al. 1996) were overproduced in E. coli and purified
(Fig. 3A). In nitrocellulose filter binding experiments, puri-
fied S. pombe Pab2 bound A14 with an apparent KD of 5.3 ±
1.1 nM (n = 3) (Fig. 3B), very similar to the affinity deter-
mined for mammalian PABPN1 (2–5 nM under the condi-
tions used here; 8 nM under the conditions used previously
[Kühn et al. 2003]). Binding of Pab2 and PABPN1 to A100 dif-
fered by less than twofold (Fig. 3C). In electrophoretic mobil-
ity shift assays, increasing amounts of Pab2 formed a ladder of
retarded complexes with A100 (Fig. 3D), again in good agree-
ment with the behavior of PABPN1 (Kühn et al. 2003). In fil-
ter-binding competition assays, Pab2 proved to be specific for
poly(A), in agreement with earlier pull-down assays
(Perreault et al. 2007), but it was less specific than PABPN1;
tRNA in particular was a surprisingly efficient competitor
(Fig. 3E). The activity of Pla1 was tested by an assay that mea-
sures the elongation of A14 primers with [α-32P]-labeled ATP
in the presence of Mn2+ by adsorption of the polymeric reac-
tion product to DEAE paper and scintillation counting (see
Materials and Methods). The activity of Pla1 was comparable
to the activities of mammalian poly(A) polymerase and S. cer-
evisiae Pap1. For example, under the reaction conditions of
Lingner et al. (1991), specific activities were 5.7 µmol AMP in-
corporated/mg/min for Pla1, 3.2 µmol AMP/mg/min for bo-
vine poly(A) polymerase, and∼5.5 µmol AMP/mg/min for S.
cerevisiae Pap1; specific activities were approximately twofold
higher but again similar under the conditions of Wahle
(1991b). On the basis of these experiments, we conclude
that purified S. pombe Pab2 and Pla1 were functional proteins
suitable for further biochemical studies.
Effects of poly(A) binding proteins on poly(A) polymerase

activity were tested in assays in which the primer-dependent
incorporation of labeled AMP was measured in the presence
of Mg2+. Under these conditions, the activity of poly(A) poly-
merase by itself is weak and stimulatory activities are revealed
(Wahle 1991b and references cited therein). As a positive con-
trol, PABPN1 stimulated the activity of its cognate poly(A) po-
lymerase by more than 40-fold, in agreement with published
studies (Kerwitz et al. 2003). In contrast, stimulation of Pla1
by Pab2 did not exceed a factor of ∼3 (Fig. 4A). As heterolo-
gous combinations of poly(A) binding protein and poly(A)
polymerase permitted a slightly more vigorous stimulation,
we consider these effects insignificant and very likely nonspe-
cific. Similar effects were seen when the poly(A) primer was
titrated either by itself or as a complex with PABPN1 or

FIGURE 2. Knockdown of PABPN1 does not cause ATP depletion or
general defects in RNA processing. (A) Knockdown of PABPN1 and
controls were carried out. Nucleotide pools were analyzed by HPLC
and the concentrations of adenine nucleotides determined (see
Materials and Methods). Note that, for technical reasons, these analyses
were not carried out on the same cells that were used for the analyses
shown in Figure 1. However, the extent of PABPN1 depletion was sim-
ilar to that shown in Figure 1B. (B) The energy charge was calculated
from the data in A. Data in A and B were averaged from three experi-
ments carried out in parallel but independently. Analysis of an addition-
al set of samples showed similar results. (C) Scheme showing the
relevant parts of the gene structures of GAPDH and actin β and the lo-
cations of primers used for PCR. The asterisks indicate the positions of
the stop codons. (PAS) poly(A) site. (D,E) Random priming was used
for cDNA synthesis from the 4sU-pulse-labeled samples of an experi-
ment as in Figure 1 (n = 4 each for PABPN1 knockdown samples and
controls), and qPCR was performed with the primer combinations
shown in C. Data for nonspliced and noncleaved mRNA precursors
were normalized to the levels of the corresponding spliced RNAs. U6
RNA was amplified as a control and was also normalized to mature
GAPDH RNA (D) or ACTB RNA (E).
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Pab2: PABPN1 stimulated the activity of mammalian poly(A)
polymerase strongly by lowering theKM as reported previously
(Kerwitz et al. 2003). In contrast, theKMof Pla2 for the poly(A)

primer was not affected by Pab2 (Fig. 4B,C). Thus, Pab2 is
lacking a productive interaction with its cognate poly(A) po-
lymerase and does not affect the activity of the enzyme.

DISCUSSION

A role of PABPN1 in increasing the rate of poly(A) tail elon-
gation and poly(A) tail length control in the cell nucleus had
been proposed on the basis of biochemical studies with the
mammalian protein. However, this function of the protein
had never been specifically examined in vivo. We now report
that siRNA-mediated knockdown of PABPN1 inmammalian
cells and pulse-labeling of newly synthesized RNA revealed
the effect predicted by in vitro data, namely a strong reduc-
tion in full-length poly(A) tails and, consequently, a more
heterogeneous size distribution and shorter average length
in comparison to control cells. We conclude that the activities
of PABPN1 in the test tube reflect the protein’s function in
mRNA polyadenylation in the living cell.
The results of our pulse-labeling assays, showing a pro-

nounced peak between 200 and 240 nt for newly synthesized
poly(A) tails, are in full agreement not only with previous
bulk measurements based on radioactive pulse-labeling
(Brawerman 1981), but also with analyses of numerous indi-
vidual RNAs: From Table 1 in Chen and Shyu (1994), initial
tail lengths between 179 and 239 nt can be calculated for 23
different mRNAs, with an average of 205 nt, and initial tail
lengths around 200 nt were also reported for several other
mRNAs (Shyu et al. 1991; Schiavi et al. 1994). Recent tran-
scriptome-wide analyses of steady-state poly(A) tail lengths
(Chang et al. 2014; Subtelny et al. 2014) showed an upper
limit of tail lengths between 200 and 250 nt, although techni-
cal limitations in the analysis of very long tails may have con-
tributed to this.
In contrast to newly synthesized RNAs, steady-state RNAs

have a very heterogeneous poly(A) tail length distribution,
which is due to gradual shortening while the mRNAs are be-
ing translated in the cytoplasm. Transcriptome-wide studies
reported median poly(A) tail lengths between 50 and 100 nt
in various mammalian cell lines (Chang et al. 2014; Subtelny
et al. 2014). Our analysis of steady-state RNA (Fig. 1) is gen-
erally consistent with these data, but appears to show a higher
proportion of longer tails. Whether this is due to differences
in the biological material or the analysis method is unclear.
In contrast to PABPN1, the function of the S. pombe

ortholog of PABPN1, Pab2, had so far only been investigated
genetically; the results did not support a role in nuclear
mRNA polyadenylation. This article reports that Pab2 binds
specifically and with high affinity to poly(A), very similar to
its mammalian cousin. However, whereas PABPN1 is able
to increase the activity of mammalian poly(A) polymerase
by lowering the KM, i.e., increasing the apparent affinity of
the enzyme for the primer RNA (Fig. 4; Kerwitz et al.
2003), Pab2 did not stimulate the activity of the S. pombe
poly(A) polymerase, Pla1, to a significant extent and had

FIGURE 3. Purified S. pombe Pab2 and Pla1 are functional in vitro. (A)
Coomassie-stained SDS-polyacrylamide gel displaying the purified pro-
teins used for the biochemical assays. (B) A filter-binding experiment
was carried out with S. pombe Pab2 and radiolabelled A14. The line rep-
resents a fit to a binary binding equilibrium. One representative exper-
iment of three is shown. (C) Filter-binding experiments were carried
out with S. pombe Pab2 and bovine PABPN1 and labeled A100. The
curves connect the data points and were not fitted. (D) Complexes be-
tween S. pombe Pab2 and 80 fmol labeled A100 were analyzed by nonde-
naturing gel electrophoresis. (E) Complexes between S. pombe Pab2 or
bovine PABPN1 and labeled A100 were challenged by increasing concen-
trations of unlabeled poly(A), poly(C), tRNA, and E. coli rRNA as com-
petitors as indicated. Note that the scales on the x-axes are different.
Experiments in C–E were carried out at least twice with similar results.
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no effect on the enzyme’s KM for the primer RNA. This is in
agreement with the genetic data showing that mRNA polya-
denylation in S. pombe is not inhibited by the absence of Pab2
(Perreault et al. 2007; Lemay et al. 2010).
In conclusion, in vitro and in vivo data are congruent for

both mammalian PABPN1 and its S. pombe ortholog, Pab2,
supporting a role in pre-mRNA polyadenylation for the for-
mer but not the latter. Thus, even though PABPN1 and its
orthologs are widely conserved in evolution, this particular
function has been either lost in S. pombe and perhaps other
organisms or acquired later in evolution.

MATERIALS AND METHODS

Cell culture, RNAi, and metabolic labeling of RNA

HEK293 cells were grown in DMEM GlutaMax (Invitrogen) sup-
plemented with 10% FCS (FCS Superior, Biochrom KG) and 1%
penicillin/streptomycin solution (Invitrogen) at 37°C with 5%
CO2. Cells were split into six-well plates and transfected with
50 pmol siRNAs and 5 µL of Lipofectamine RNAiMax (Invitrogen)
per well 1–3 d later, depending on their initial density, at ∼50%–

90% confluency (day 1). The following siRNAs were used: siCtrl
(UGGGCGUCGUGGAGGCUUUTT, Eurofins MWG Operon),

siPABPN1_b (GGAGCUACAGAACGAGGUATT, Eurofins MWG
Operon), and siPABPN1_8 (CCCAAAGGGUUUGCGUAUAUA,
Qiagen #SI04763577). After 4–6 h incubation, the cells were split
to three or four wells. On day 3, the siRNA treatment was repeated.
Cells derived from one original well were combined and spread on a
6-cm or 10-cm dish for protein or RNA preparation, respectively.
For 4-thiouridine (4-sU) labeling, the medium was renewed on
day 4. On day 5 (∼96 h after the first transfection), cells were treated
for 10 or 30 min with 500 µM 4-thiouridine (Sigma-Aldrich) or
not. Total RNA was isolated by a modified TRIzol method
(Chomczynski and Mackey 1995).

RNA analyses

The biotinylation and purification of 4-thiouridine-labeled RNA
was done as previously described (Dolken et al. 2008) with 50–
100 µg total RNA.
For poly(A) tail length determination, ∼1.5 µg total RNA or 25%

of one batch of purified 4sU-labeled RNA was 3′ end-labeled in
20 µL buffer (20 mM Tris–Cl, pH 7.0, 50 mM KCl, 1.4 mM
MnCl2, 10% glycerol, 40 mg/L methylated BSA, 1 mM DTT) con-
taining 300 ng recombinant S. cerevisiae poly(A) polymerase, 40 U
Ribolock RNase inhibitor (Fermentas/Thermo Scientific), and 5
µCi [α-32P]-cordycepintriphosphate (PerkinElmer) for 1 h at
30°C. For control purposes, 1.5 µg E. coli rRNA (Roche), 2 pmol

FIGURE 4. S. pombe Pab2 does not stimulate its cognate poly(A) polymerase. (A) The activity of poly(A) polymerases (S. pombe Pla1 or bovine PAP)
was measured in the presence of different amounts of S. pombe Pab2 or bovine PABPN1 as described in Materials and Methods. Data are averaged
from two independent experiments. Error bars indicate the spread of the data and are too small to be visible for most data points in the three bottom
curves. Note that the amount of PABPN1 required for the stimulation of bovine poly(A) polymerase is higher than expected from its ratio to the poly
(A) primer used mostly because the amount of poly(A) increases up to about sixfold in the course of the reaction. (B) The influence of the cognate
nuclear poly(A) binding proteins on the steady-state kinetic parameters of PAPα and PlaI was determined. The poly(A) primer (A45) was titrated either
by itself (20–300 nM 3′ ends) or together with either PABPN1 or Pab2 in amounts sufficient to coat the RNA (5–300 nM 3′ ends with 15–900 nM
protein). Reaction mixtures containing 20–200 fmol of PAPα or Pla1, as indicated, were assembled on ice, preincubated for 10 min at 32°C, and the
reactions were started by the addition of radioactive-labeled ATP. After incubation for 10–30 min, they were stopped by the addition of 5 mM EDTA,
and AMP incorporation was determined by DEAE absorption (see Materials and Methods). Data are shown as a double-reciprocal plot. (C) Steady-
state kinetic parameters derived from B.
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3′ ends size-fractionated poly(A) (∼120–150 nt), and 100 fmol
L3pre-A105 (Kerwitz et al. 2003) were also 3′ labeled. Labeling was
stopped by incubation with 10 µg proteinase K and 10 µg glycogen
(Roche) in stop-buffer (100mMTris–HCl, pH 7.5, 12.5 mM EDTA,
150 mM NaCl, 1% SDS). After 30 min at 37°C, RNA was recovered
by ethanol precipitation. The labeling efficiency was measured by
DEAE filter absorption (Stayton and Kornberg 1983). For the sub-
sequent RNase A/T1-digestion, the following amounts were used:
100,000 cpm of labeled poly(A) or L3pre-A105; 500,000 cpm of
steady-state RNA or rRNA; the entire 3′ labeling reaction for 4sU-la-
beled RNA. Digestion was performed for 45 min at 30°C in 80 µL
containing 10 mM Tris–HCl, pH 8.0, 200 mM NaCl, 15 µg total
yeast RNA (as the carrier), 2 µg RNase A, and 500 U RNase T1
(Sigma-Aldrich). The reactions were stopped as described above.
After ethanol precipitation, samples were analyzed on an 8.3 M
urea/8% polyacrylamide gel. Since equal amounts of radioactivity
were used for the analysis of the steady-state RNA, differences in
the yield of RNA do not show up. For the pulse-labeled RNA, differ-
ences in intensity reflect both differences in cell growth and different
RNA yields through the extended purification and analysis proce-
dure. The data do not permit a conclusion whether the rate of
mRNA synthesis is affected by the PABPN1 knockdown.

For RT-qPCR, 25% of the purified 4sU-labeled RNAwas reverse-
transcribed with random hexanucleotide primers as previously de-
scribed (Schönemann et al. 2014). QPCRs were performed as trip-
licates in a 96-well format with the Light-Cycler 480 SYBR Green
I Master Mix (Roche) in a Light-Cycler 480 II instrument (Roche)
at an annealing temperature of 60°C for all primer pairs
(Supplemental Table S1). Correct sizes of PCR products were veri-
fied. Cp values were calculated by the software provided by Roche.
Relative quantification of mRNA/pre-mRNA levels was done by
the ΔΔCp method (Livak and Schmittgen 2001). As a control,
mock biotinylations and affinity purifications were carried out
with RNA that had not been 4sU-labeled. Subsequent RT-qPCR re-
sulted in Cp values at least 9.5-fold lower than with pulse-labeled
RNA (data not shown). Thus, background binding of RNA to the
streptavidin beads was negligible.

Western blotting

For the quantitative analysis of PABPN1 after siRNA treatment, cells
were washed twice with ice-cold PBS, scraped from the plate, and
lysed in 50 mM Tris–HCl, pH 7.4, 300 mM NaCl, 1% SDS, 1 mM
dithiothreitol, 2 mg/L leupeptin, 1 mg/L pepstatin, 0.4 mM PMSF.
Protein amounts were quantified with the Bradford reagent Roti-
Quant (Roth) and compared to BSA standards. Rabbit antibody
against bovine PABPN1 has been previously described (Krause
et al. 1994). Monoclonal antibody against human vinculin was
from Sigma (# V9131). Secondary fluorescent donkey antibodies
anti-rabbit IRDye800CW (# 926-32213) and anti-mouse IRDye680
(# 926-32222) were from LI-COR Biosciences. Anti-PABPN1 was
used in a 1:1000 and anti-vinculin in a 1:2000 dilution in 1.25%
milk powder in TN-Tween. Western blotting and analysis was
done as previously described (Schönemann et al. 2014).

Nucleotide analyses

The extraction and analysis of nucleotides was performed as previ-
ously described (Gebelein et al. 1992) with minor modifications.

HEK293 cells were treated with siRNAs as above, and cells from
two 10-cm dishes (50%–90% confluent) were trypsinized and har-
vested by centrifugation for 3 min at 250g and 4°C. The cell pellet
was washed twice with ice-cold PBS. One-quarter of the cells was
used for total protein preparation, and the knockdown efficiency
was determined by Western blotting. The wet weight of the remain-
ing cells was determined, and 5 volumes of ice-cold perchloric acid
(0.33 M) were added. If necessary, the cells were stored in liquid ni-
trogen for up to 1 h and then thawed, homogenized mechanically,
and incubated on ice for 20 min. The lysate was neutralized by the
addition of 5/3 volumes (based on the pellet wet weight) of 1 M po-
tassium carbonate. The sample was gently mixed, again incubated
on ice for 20 min and centrifuged for 20 min at 20,000g and 4°C.
The clear supernatant was stored at −80°C. Immediately before
HPLC analysis, samples were again centrifuged under the same con-
ditions. At least 50 µL of each sample was loaded onto a reversed
phase column (SuperCosil LC C18, 15 cm × 4.6 mm× 3 µm) in-
stalled in a LaChrom 7000 HPLC systemwith a diode array detector,
and nucleotides were separated by ion pair reversed phase chroma-
tography. Spectra of the eluate (200–400 nm) were continuously re-
corded. Nucleotides were identified by their retention times
(compared with standard substances) and their characteristic ab-
sorption spectra. Nucleotide concentrations of the experimental
samples were determined by their peak areas against standard curves
of known concentrations. Concentrations refer to the volume of the
wet cell pellet. The energy charge was calculated as previously de-
scribed (Berg et al. 2015).

Protein expression and purification

The S. pombe Pab2 open reading frame (UniProtKB/Swiss-Prot
number: O14327) was amplified with Pwo DNA polymerase by
nested PCR from a cDNA library kindly provided by Norbert
Käufer, University of Braunschweig. The second primer pair intro-
duced flanking NdeI and BamHI sites, which were used for tempo-
rary cloning into NdeI/BamHI opened pGM (Martin and Keller
1996). An NcoI/BamHI fragment coding for an N-terminally his-
tagged Pab2 was excised and cloned into matching restriction sites
of pET19b (Novagen), thereby replacing the original his-tag with
an MAHHHHHH-tag. The correct sequence of this and the other
expression plasmids was confirmed. Expression of Pab2 was per-
formed in BL21(DE3) pUBS522 (Brinkmann et al. 1989) in M9me-
dium by addition of 0.4 mM IPTG and further incubation for 3 h at
37°C. The protein was purified on a NiNTA resin (QIAGEN), fol-
lowed by chromatography on Resource S (GE Healthcare). For
use in polyadenylation assays, Pab2 was concentrated in a
Centricon-10 ultrafiltration device (Merck Millipore). The identity
of the protein, with the N-terminal methionine cleaved off, was con-
firmed by mass spectrometry.

The plasmid pQE9-PlaI expressing S. pombe poly(A) polymerase
(Ohnacker et al. 1996) was a gift from Walter Keller’s laboratory
(Biozentrum Basel). Bacterial expression of the his-tagged protein
and affinity purification was done as previously described
(Ohnacker et al. 1996) with minor variations. Resource Q chroma-
tography (GE Healthcare) was used as a second purification step.
The identity of PlaI was confirmed byMS analysis, and themain con-
taminating protein of 60 kDa was identified as pyruvate kinase II.

An expression plasmid for S. cerevisiae poly(A) polymerase
(pGM-yPAP1) was also obtained from Walter Keller’s laboratory.
The his-tagged protein was expressed in BL21(DE3) pLysS
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(Novagen) for 5 h at 37°C after induction with 0.4 mM IPTG.
Purification was done by IMAC followed by a MonoS column
(GE Healthcare). Bovine His-PAPα and His-PABPN1 were as previ-
ously described (Kerwitz et al. 2003; Kühn et al. 2009).
Protein concentrations were determined spectrophotometrically

at 280 nm using calculated extinction coefficients (PABPN1: 18,730
M−1 cm−1; Pab2: 6640 M−1 cm−1; PAPα: 67,530 M−1 cm−1;
PlaI: 78,100 M−1 cm−1; S. cerevisiae PAP: 62,550 M−1 cm−1).
Concentrations of Pab2 in individual column fractions used for
RNA binding assays were measured by comparison to BSA stan-
dards in a Coomassie-stained SDS-gel and by Bradford assay
(Roth) because of the low extinction coefficient of the protein.

In vitro assays

Nonspecific poly(A) polymerase activities were determined in the
presence of MnCl2 by elongation of synthetic A14 primers (IBA
Lifesciences) with [α-32P]-ATP. Two different reaction conditions
were applied (Lingner et al. 1991; Wahle 1991b). Reactions were
stopped after 30 min by addition of 10 mM EDTA. An aliquot of
the reaction mix was absorbed on pretreated DEAE filter paper
and washed (Stayton and Kornberg 1983) until an empty filter in-
cluded as a control was devoid of radioactivity.
The stimulation of poly(A) polymerases by poly(A) binding pro-

teins wasmeasured as follows: 400 fmol (3′ ends) of size-fractionated
poly(A) (∼105 nt) were incubated for 32 min at 32°C with 200 fmol
polymerase (PAPα or PlaI) and increasing amounts of poly(A) bind-
ing protein (PABPN1or Pab2) in SPABbuffer (25mMTris–HCl, pH
8.0, 50mMKCl, 2mMMgCl2, 10% glycerol, 0.05mMEDTA, 1mM
DTT, 0.4 g/L methylated BSA, 0.01% NP40, 2% PEG 6000, 8 U
Ribolock RNase Inhibitor, and 0.5 mM [α-32P]-ATP) in a total vol-
ume of 20 µL. Because Pla1 activity was found to be salt-sensitive,
KCl introduced with varying amounts of poly(A) binding proteins
was accommodated by use of an SPAB stock lacking salt and separate
addition of the required amounts of KCl. In contrast to the standard
reaction conditions previously used for PAPα and PABPN1, tRNA
was omitted because it competed with poly(A) for binding to
Pab2. Incorporation of ATP was measured as above. Under these
conditions, PAPα by itself incorporated 5.4 pmol ATP, whereas
PlaI by itself incorporated ∼35 pmol ATP. For the determination
of steady-state kinetic parameters, synthetic A45 (TIB MOLBIOL,
Berlin, Germany) was used as a primer, and KM and Vmax were esti-
mated from Lineweaver–Burk plots.
For electrophoretic mobility shift assays, 80 fmol (3′ ends) of

5′-labeled A100 were incubated in a 20 µL volume for 30 min at
room temperature with increasing amounts of Pab2 in SPAB buffer
(see above). One half of each binding reaction was applied to a com-
posite native gel as previously described (Rüegsegger et al. 1996).
Filter-binding experiments were carried out as previously de-

scribed (Kühn et al. 2003) with the following modifications:
Binding was performed in 50 µL FBK50 buffer (50 mM Tris–HCl,
pH 8.0, 50 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.2
g/L methylated BSA, 0.01% NP40) containing either 10 fmol (3′

ends) A14 or ∼1.5 fmol of A100 and increasing amounts of poly(A)
binding protein. After 20 min at room temperature, 45 µL of each
binding reaction was applied to nitrocellulose filters. Competition
experiments were done under the same conditions but using 15
fmol radiolabeled A100 and 1 nM Pab2 and increasing amounts of
competitors: E. coli rRNA, E. coli tRNA, poly(C) or poly(A) (all
from Roche) in FBK50.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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