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ABSTRACT

The 59 cap and 39 poly(A) tail of eukaryotic mRNAs act synergistically to enhance translation. This synergy is mediated via
interactions between eIF4G (a component of the eIF4F cap binding complex) and poly(A) binding protein (PABP). Paip2 (PABP-
interacting protein 2) binds PABP and inhibits translation both in vitro and in vivo by decreasing the affinity of PABP for
polyadenylated RNA. Here, we describe the functional characteristics of Paip2B, a Paip2 homolog. A full-length brain cDNA of
Paip2B encodes a protein that shares 59% identity and 80% similarity with Paip2 (Paip2A), with the highest conservation in the
two PABP binding domains. Paip2B acts in a manner similar to Paip2A to inhibit translation of capped and polyadenylated
mRNAs both in vitro and in vivo by displacing PABP from the poly(A) tail. Also, similar to Paip2A, Paip2B does not affect the
translation mediated by the internal ribosome entry site (IRES) of hepatitis C virus (HCV). However, Paip2A and Paip2B differ
with respect to both mRNA and protein distribution in different tissues and cell lines. Paip2A is more highly ubiquitinated than is
Paip2B and is degraded more rapidly by the proteasome. Paip2 protein degradation may constitute a primary mechanism by
which cells regulate PABP activity in translation.
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INTRODUCTION

Translational control plays an essential role in cell growth,
differentiation, and development (Conlon and Raff 1999;
Gingras et al. 1999). Translation in eukaryotes is regulated
primarily at the level of initiation, and the 39 poly(A)
tail and 59 cap structure (m7GpppN, where m is a methyl
group and N is any nucleotide) of the mRNA play an
essential role. The cap structure facilitates mRNA binding
to the ribosome through its interaction with the eukaryotic
initiation factor 4F (eIF4F) (Conlon and Raff 1999;
Mathews et al. 2000). In mammals, eIF4F is a protein
complex composed of three subunits: eIF4E, the cap

binding protein; eIF4A, an RNA-dependent ATPase and
bidirectional helicase; and eIF4G, a modular protein that
binds eIF4E and eIF4A, and recruits the 40S ribosomal
subunit by binding eIF3 (Gingras et al. 1999; Hershey and
Merrick 2000; Mathews et al. 2000). The polyadenylated
39 end of the mRNA interacts with the poly(A) binding
protein (PABP). PABP is comprised of four N-terminal
RNA recognition motifs (RRM) and a proline-rich
C-terminal portion containing a z70-amino-acid conserved
domain (PABC). PABP is a phylogenetically conserved
protein that is essential in Saccharomyces cerevisiae (Sachs
et al. 1987; Sachs 2000). PABP and eIF4G physically
interact, and this interaction is required for the cap and
poly(A) to stimulate translation initiation synergistically.
The PABP–eIF4G interaction leads to the circularization of
the mRNA (Tarun and Sachs 1996; Imataka et al. 1998;
Sachs 2000), but it is not yet clear whether translational
stimulation is mediated by mRNA circularization directly
or as a result of an increase in the affinity of initiation
factors for the mRNA (Kahvejian et al. 2005).

PABP activity is modulated by two PABP-interacting
proteins (Paips), Paip1 and Paip2. Paip1 contains two
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binding domains for PABP (see below) that lie on either
side of a region similar to the central portion of eIF4G,
which contains one of its two known eIF4A binding sites
(Craig et al. 1998; Roy et al. 2002). In COS-7 cells, Paip1
also interacts with eIF4A and stimulates translation of
a reporter luciferase mRNA (Craig et al. 1998).

Paip1 contains two binding sites for PABP, PAM1 and
PAM2 (for PABP-interacting motifs 1 and 2) (Roy et al.
2002). PAM2 consists of a 15-amino-acid stretch residing in
the N terminus, and PAM1 encompasses a larger C-terminal
acidic-amino-acid-rich region. PABP also contains two
Paip1 binding sites, one located in RNA recognition motifs
1 and 2 and the other located in the C-terminal domain.
Paip1 binds to PABP with a 1:1 stoichiometry.

Paip2 is a highly acidic protein (pI = 3.9) of 127 amino
acid with a predicted molecular weight of z14.5 kDa
(Khaleghpour et al. 2001b). Paip2 contains two indepen-
dent PABP binding sites (PAMs): PAM2 in its C terminus,
which shares high homology with Paip1 (Khaleghpour et al.
2001a; Roy et al. 2002) and binds the conserved PABC
region, and PAM1, which resides in a highly acidic domain
in the middle of the protein and interacts with PABP RRMs
2 and 3 (Khaleghpour et al. 2001a). PABP and Paip2 form
a heterotrimeric complex containing one PABP molecule
and two Paip2 molecules (Khaleghpour et al. 2001a). Paip2
competes with Paip1 for PABP binding and inhibits trans-
lation in vitro and in vivo and decreases the affinity of
PABP for polyadenylated RNAs in vitro (Khaleghpour et al.
2001b). Although Paip2 does not contain any RNA binding
motifs, it has been shown to interact with various mRNAs,
promoting its destabilization (GLUT5) (Gouyon et al. 2003)
or its stabilization (VEGF) (Onesto et al. 2004).

Here, we describe a homolog of Paip2, Paip2B, a 123-
amino-acid protein that is 80% similar (59% identical) to
Paip2 (henceforth denoted Paip2A). In particular, the PABP
binding sites within these homologs are highly similar, and
in fact, PABP binds each homolog in a similar manner.
Similar to Paip2A, Paip2B displaces PABP from the poly(A)
tail of capped/polyadenylated mRNAs, thereby inhibiting
translation both in vitro and in vivo. Quantitative RT-PCR
data and Northern, Western, and far-Western blot analyses
demonstrate that Paip2A and Paip2B differ in their in-
tracellular concentration. Differential tissue expression and
limited protein sequence divergence suggest that Paip2A and
Paip2B may function in a tissue-specific manner and
respond to distinct stimuli.

The ubiquitin/proteasome pathway is the primary non-
lysosomal route for intracellular protein degradation in
eukaryotes. This pathway modulates the level of many
specific proteins that regulate vital cellular processes such
as cell-cycle progression, transcription, and antigen pro-
cessing (Hershko and Ciechanover 1998). Our results show
that both Paip2B and Paip2A become ubiquitinated when
overexpressed in cells and that ubiquitination targets them
for degradation by the proteasome. Paip2A becomes

ubiquitinated to a greater extent and therefore is more
rapidly degraded than Paip2B.

RESULTS

Cloning and analysis of Paip2B cDNA and
protein sequences

The human Paip2A amino acid sequence (GenBank acces-
sion no. AF317675) was used to search GenBank for related
proteins using BLAST (Altschul et al. 1990). The search
revealed the protein sequence KIAA1155 (GenBank acces-
sion no. AB032981.1) derived from a cDNA clone from
a human brain library (Hirosawa et al. 1999). The cDNA
was 6286 bp and encoded a 123-amino-acid polypeptide
with a predicted molecular weight of z14.2 kDa. The
59 and 39 UTRs were 167 bp and 5747 bp, respectively, and
contained several canonical (one at position 6270–6275,
16 nt upstream from the poly(A) tail) and noncanonical
polyadenylation signals. The protein encoded by this cDNA
was designated Paip2B. Alignment of the deduced amino
acid sequence of Paip2B with Paip2A (Fig. 1A) shows 59%
identity (black shading) and 80% similarity (black plus gray
shading). The similarity between these two proteins is most
evident in the central and C-terminal portions, which
contain the PAMs (Khaleghpour et al. 2001a).

The Paip2A and Paip2B amino acid sequences were used
to perform BLAST searches in the GenBank to identify
interspecies homologs. Sequences of overall high similarity
(GenBank accession numbers are given in Materials and
Methods) were aligned by using the CLUSTAL W program
(Fig. 1B; Thompson et al. 1994). These proteins share
extensive identity in the C-terminal two thirds of the
protein (black shading) containing the two PAMs, while
the N terminus shows very appreciable differences. Phylo-
genetic trees were generated by using Kimura two-parameter
distance and the neighbor-joining methods. Five different
lineages, which are strongly supported by bootstrap values,
are shown (Fig. 1C). Human and mouse Paip2B are closely
related and cluster with frog Paip2. Surprisingly, the Paip2
zebrafish cluster (two close, but different Paip2 sequences,
designated as Paip2 zebrafish-1 and -2), supported by
a bootstrap value of 81%, is closer to Paip2B than to
Paip2A sequences. Human and mouse Paip2A are closely
related and constitute a monophyletic group while salmon
and Drosophila melanogaster Paip2 cluster separately.

Characterization of Paip2B

To confirm that Paip2B, similar to its homolog Paip2A,
interacts with PABP, GST pull-down experiments were
performed by using purified His-PABP and GST, GST-
Paip2B, or GST-Paip2A (Fig. 2A). GST alone was unable
to interact with PABP (Fig. 2A, lane 4), while GST-Paip2B
and GST-Paip2A pulled down His-PABP at similar levels
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(Fig. 2A, lanes 5,6). This interaction was also assayed via
transient transfection of 293T cells with HA-Paip2B or HA-
Paip2A and subsequent coimmunoprecipitation with en-
dogenous PABP (Fig. 2B). Anti-HA immune complexes

obtained from cells transfected with an
empty vector did not contain PABP
(Fig. 2B, lane 1), whereas the respective
complexes obtained from cells trans-
fected with plasmids encoding HA-
Paip2B or HA-Paip2A contained similar
amounts of both endogenous PABP and
HA-Paip2 proteins (Fig. 2B, lanes 2,3).
In Figure 2B, lane 2, there is a slower
migrating band in addition to HA-
Paip2A, which appeared in some, but
not all, experiments and may be
explained by a posttranslational modi-
fication of the protein, like ubiquitina-
tion (see below). These experiments
demonstrate that Paip2B and Paip2A
interact similarly with, and can bind
a similar amount of recombinant PABP
in vitro and endogenous PABP in vivo.

The Paip2B–PABP interaction was
further characterized by analyzing the
respective binding sites in each protein
using far-Western blotting. Based on
previous results for Paip2A–PABP in-
teractions (Khaleghpour et al. 2001a),
Paip2B fragments were expressed and
purified as GST fusion proteins. Ap-
proximately equivalent molar amounts
of protein were resolved on a gel and
transferred to a membrane that was
probed with 32P-HMK-PABP for far-
Western analysis and anti-GST for
Western blotting (loading control) (see
Fig. 3A). GST-Paip2B (WT) and Paip2B
fragments 1–76 and 23–76 exhibited
strong interaction with PABP (Fig. 3A,
lanes 2,4,6) compared with substantially
weaker interactions for fragments 76–
123 and 111–123 (Fig. 3A, lanes 7,8).
GST alone or fragments 1–22 or 76–111
showed no interaction (Fig. 3A, lanes
1,3,5). These results are consistent with
those previously shown for Paip2A
(Khaleghpour et al. 2001a) in that PABP
binds Paip2B at two independent sites,
one located in the central acidic portion
of the protein (residues 23–76) and
another near the C terminus (residues
111–123).

Next, GST fusion proteins corre-
sponding to PABP fragments were

constructed and analyzed by far-Western analysis using
32P-HMK-Paip2B as a probe (Fig. 3B, left upper and
bottom panels) and by Western blot using anti-GST
(Fig. 3B, right panel). GST-PABP (WT) and fusion proteins

FIGURE 1. Paip2B and Paip2A protein sequence alignment. (A) The amino acid sequences
corresponding to human Paip2B and Paip2A proteins were aligned by using the CLUSTAL W
(1.8) program. Identical residues are shown in black, similar residues are in gray, and sequence
gaps are indicated by dashes. The proteins share 59% identity and 80% similarity. (B) Multiple
sequence alignment of Paip2 proteins from different organisms using CLUSTAL W (1.8).
Asterisks indicate residues that are completely conserved. Black shading indicates that the
residues are present in at least six of the nine sequences. Dark gray shading indicates very
conservative substitutions, and light gray shading indicates less conservative substitutions. (C)
Neighbor-joining phylogenetic tree of Paip2 proteins using the two-parameter model of
Kimura. The numbers at the nodes indicate bootstrap percentages after 1000 replications of
bootstrap sampling. The bar indicates genetic distance.
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containing RRMs 2–3 or the C2 region exhibited strong
binding to the Paip2B probe (Fig. 3B, lanes 6,8,10), whereas
those containing RRMs 1–2, 3–4, 2, or 3 showed weaker
binding (Fig. 3B, lanes 2,3,7,9). GST alone or fusion
proteins containing RRMs 1 or 4 or C1 failed to bind
Paip2B (Fig. 3B, lanes 1,4,5,11). Thus, Paip2B interacts
with PABP RRM 2–3 and the C2 region as demonstrated
previously for Paip2A (Khaleghpour et al. 2001a).

Functional characterization of Paip2B

The data in Figures 2 and 3 indicate that Paip2B and
Paip2A bind PABP through their interaction with the same
binding motifs/regions. To test whether these findings
reflect Paip2B function, we studied the effect of
Paip2B on the translation of CAT-HCV IRES-luc mRNA
(Khaleghpour et al. 2001b; Svitkin et al. 2001), a capped
and polyadenylated bicistronic mRNA, by using a Krebs-2
cell-free in vitro translation system (Svitkin et al. 1984) as

previously described for Paip2A (Khaleghpour et al.
2001b). This bicistronic mRNA encodes chloramphenicol
acetyltransferase (CAT) in the first cistron, which is trans-
lated in a cap- and poly(A)-dependent manner. The second
cistron corresponds to luciferase mRNA, which is trans-
lated under the control of the HCV IRES that is eIF4G-
independent (Pestova et al. 1998). GST-Paip2B and GST-
Paip2A, but not GST alone, specifically inhibited CAT ORF
translation in a dose-dependent manner without affecting
luciferase ORF translation from the second cistron (Fig.
4A,B ). Since luciferase ORF translation was not affected,
the values measured for luciferase activity were used to
normalize each assay for the possible small variations in the
amount of mRNA added. Thus, the inhibitory activity of
Paip2 proteins was calculated as the ratio of CAT cistron
translation to that measured for luciferase cistron (Fig. 4C).

FIGURE 2. Paip2B binds PABP in vitro and in vivo. (A) In GST pull-
down experiments, complexes containing recombinant His-PABP and
either GST, GST-Paip2A, or GST-Paip2B were immobilized by using
glutathione-Sepharose beads, as described in the Materials and
Methods. Bound proteins were eluted with Laemmli loading buffer
and analyzed by SDS-PAGE and Coomassie blue staining. (B) 293T
cells were transfected with plasmids containing either no insert or
encoding HA-Paip2A or HA-Paip2B. Cell extracts were subjected to
immunoprecipitation using anti-HA. The immune complexes were
analyzed by Western blot using anti-PABP (upper panel) or anti-HA
(lower panel).

FIGURE 3. Identification of respective binding sites within PABP
and Paip2B. (A) Affinity-purified GST, GST-Paip2B (WT), and GST-
Paip2B fragments were resolved by SDS-PAGE and assayed for PABP
binding by far-Western blotting using a 32P-HMK-PABP probe (left
panel) and by Western blotting using a polyclonal antibody to GST
(for loading control, right panel). (B) Purified GST, GST-PABP (WT),
and GST-PABP fragments (different combinations of RRM and
C-terminal regions) were resolved by SDS-PAGE and analyzed for
Paip2B binding by far-Western blotting using a 32P-HMK-Paip2B
probe (left panel) and by Western blotting using a polyclonal antibody
to GST (for loading control, right panel). Schematic representations of
Paip2A/B and PABP shown below the respective panels identify the
binding sites.

Characterization of a Paip2 homolog

www.rnajournal.org 1559

JOBNAME: RNA 12#8 2006 PAGE: 4 OUTPUT: Wednesday July 5 12:57:23 2006

csh/RNA/118165/rna1065



The results suggest that both Paip2 proteins inhibit cap-
dependent translation to the same extent.

To study the effect of Paip2 proteins in vivo, Paip2B and
Paip2A were overexpressed in 293T cells by transient
cotransfection with a plasmid (pcDNA3-CAT-HCV IRES-
Luc) encoding the same bicistronic mRNA used for the in
vitro translation assays (Rivas-Estilla et al. 2002). Cotrans-
fection with increasing amounts of plasmids encoding HA-
Paip2B or HA-Paip2A elicited a dose-dependent inhibition
of CAT protein production, whereas luciferase activity was
not affected (data not shown). Luciferase activity was used
to normalize for the amount of mRNA produced in cells,

and the results were expressed as the ratio between CAT
and luciferase activities (Fig. 5). Paip2A and Paip2B
inhibited translation almost identically, leading to a
z50% reduction in CAT cistron translation at the highest
amount of DNA used.

The mechanism proposed for Paip2A inhibition of
polyadenylated mRNA translation is the displacement of
PABP from the poly(A) tail (Khaleghpour et al. 2001b).
We, therefore, tested Paip2B-mediated displacement of
PABP from the poly(A) tail and the kinetics thereof.
Binding curves were calculated from assays in which the
concentration of PABP was varied, while that of either
GST-Paip2B, GST-Paip2A, or GST (negative control) was
held constant. The kinetics of PABP displacement from the
poly(A) tail were identical for Paip2B and Paip2A (Fig. 6).
We conclude that Paip2B and Paip2A are homologs that
exhibit nearly identical function in cells in that they interact
with PABP via the same regions and have the same effect on
translation both in vitro and in vivo.

Paip2B and Paip2A mRNA distribution in different
human tissues

The high degree of amino acid sequence homology between
Paip2B and Paip2A as well as their near-identical effect on
translation prompted us to investigate differences in their
mRNA expression patterns in various human tissues using

FIGURE 4. Effect of Paip2B on in vitro translation of capped and
polyadenylated bicistronic CAT-HCV IRES-luciferase mRNA. Capped
and polyadenylated bicistronic CAT-HCV IRES-luciferase mRNA was
translated by using Krebs-2 cell-free translation reactions in the
presence of increasing concentrations of GST (control), GST-Paip2B,
or GST-Paip2A. (A) First cistron, cap-dependent, and poly(A)-
dependent translation. (B) Second cistron, cap-independent, and
poly(A)-independent translation. (C) First and second cistron trans-
lation ratio. CAT protein and luciferase activity values represent the
average of at least three independent experiments. Error bars, SD of
mean values.

FIGURE 5. Effect of Paip2B on in vivo translation of capped and
polyadenylated bicistronic CAT-HCV IRES-luciferase mRNA. 293T
cells were cotransfected with a fixed amount of plasmid encoding
bicistronic CAT-HCV IRES-luciferase mRNA and increasing amounts
of plasmids encoding HA-Paip2B or HA-Paip2A. At 24 h post-
transfection, cells were lysed and CAT expression and luciferase
activity were measured in the lysates. The results are presented as
the ratio of the expression of CAT to that of luciferase. CAT protein
and luciferase activity values represent the average of at least three
independent experiments. Error bars, SD of mean values.
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Northern blot analysis (Fig. 7) and quantitative RT-PCR
(Tables 1, 2). The majority of tissues analyzed express three
distinct isoforms of the Paip2B mRNA, one of z6.5 kb
corresponding to the size of the cloned cDNA and two
additional species of z1.5 and z0.6 kb (Fig. 7). The
distribution of the three isoforms showed tissue-specific
differences in that the longest isoform predominated in the
brain, whereas the shortest was more abundant in the liver
and testis. To further study the relative levels of Paip2A and
Paip2B mRNAs in different human and mouse tissues, we
performed quantitative real-time RT-PCR by using gene
specific primers lying in the open reading frame of both
Paip2 mRNAs and of GAPDH mRNA as a housekeeping
gene internal control. In human tissues (Table 1), Paip2A
mRNA was especially abundant in the testis, but high levels
were also found in the cervix, lung, brain, ovary, placenta,
adipose tissue, thymus, and thyroid; Paip2B mRNA showed
the highest level in the brain and relative high level in other
tissues such as the cervix, heart, liver, ovary, kidney,
prostate, and testis. What is clear from these data is that
Paip2A mRNA appears to be significantly more abundant
than is Paip2B mRNA in all the tissues analyzed, ranging
from about fivefold in the heart to z300-fold in the
placenta. In mouse tissues both Paip2A and Paip2B mRNAs
were especially abundant in the testis, lung, and spleen,
showing similar levels in the rest of the organs tested except
for the brain, where Paip2B mRNA is more abundant
(Table 2). As in human tissues, Paip2A mRNA levels are
higher than those of Paip2B in all the tissues studied
(threefold to 11-fold).

Paip2B and Paip2A protein expression in tissues
and cell lines

To distinguish between Paip2B and Paip2A, we raised
a polyclonal serum against Paip2B by immunizing rabbits
with a GST fusion polypeptide containing the first 21
residues of Paip2B, the region of highest sequence di-
vergence compared with Paip2A. The specificity of this
antiserum was verified by Western blot as well as immu-
noprecipitation followed by far-Western blotting using
PABP as a probe (Fig. 8). The anti-Paip2B serum recog-
nized HA-Paip2B but not HA-Paip2A in 293T cells (Fig.
8A), while anti-HA detected both proteins. In transfected
293T cells, anti-Paip2B immunoprecipitated endogenous
Paip2B and HA-Paip2B, but not endogenous or HA-tagged
Paip2A (Fig. 8B). The presence of Paip2 proteins in the
immune complexes was evidenced by far-Western analysis
using PABP as a probe. Endogenous Paip2B migrated with
a higher apparent molecular weight than did Paip2A, thus
allowing visual distinction. The antiserum against full-
length Paip2A immunoprecipitated the overexpressed form
of Paip2B, but with very low affinity (Fig. 8B, lanes 3,4).
Given that the amount of anti-Paip2B used was not
limiting (Fig. 8B, lane 3), these data suggest that Paip2A
expression in these cells is much higher than is Paip2B (Fig.
8B, lanes 1,2).

To compare Paip2B and Paip2A protein levels in
different tissues and cell lines, whole-cell extracts were
prepared and subjected to Western blotting and far-
Western analysis either directly or after immunoprecipita-
tion (Fig. 8C,D). Extracts of different tissues were examined

FIGURE 6. Paip2B, similar to Paip2A, displaces PAPB from poly(A)
RNA. Filter binding assays were performed as described in the
Materials and Methods using constant concentrations of 32P-poly(A)
RNA (3000 cpm, 0.01 nM) and either GST-Paip2A, GST-Paip2B, or
GST (100nM), and increasing concentrations of PABP, as indicated.
Radioactivity in the spots was counted in a scintillation counter, and
the results were plotted as the percentage of radioactive probe retained
on the filter. The values represent the mean of three independent
experiments that yielded very similar results.

Figure 7. Paip2B and Paip2A mRNA distribution. Membranes
containing electrophoretically separated mRNAs from different hu-
man tissues (Human Multiple Tissue Northern blot membranes from
Clontech), were hybridized by using labeled cDNA probes specific for
Paip2B, Paip2A, and actin, as described in the Materials and Methods.
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for Paip2B and Paip2A expression by Western blot. As
expected from the mRNA data, the levels of both proteins
were high in the testis. Paip2A was present in very similar
levels in the rest of the tissues analyzed. Moderately high
levels of Paip2B were found in the brain, heart, and lung
and very high levels were found in the pancreas. Far-
Western analysis (Fig. 8C, bottom panel), with PABP used
as a probe, yielded a pattern that corresponded very well to
that observed for Paip2A by Western
blotting, thus suggesting that Paip2A is
more abundant than is Paip2B in all the
tissues analyzed. The expression of both
proteins in four cell lines was also
assessed. While Paip2A was expressed
nearly equally in all the cell lines, with
only a slightly higher level in 293T (Fig.
8D, upper panels), Paip2B was much
more abundant in 293T and NIH 3T3
cells than in HeLa and COS-7 cells
(Fig. 8D, bottom panels).

Ubiquitination differentially
regulates Paip2A and
Paip2B expression

While studying the effects of Paip2B
and Paip2A on reporter mRNA expres-

sion, it became clear to us that
HA-Paip2B expression was always higher
than that of HA-Paip2A (Fig. 9A).
Given that both proteins were expressed
by using the same vector, we investi-
gated whether the differential protein
expression reflected differences in their
half-life. HA-PABP, HA-Paip2A, or
HA-Paip2B was transfected in HEK
293T cells that were pulsed with
[35S]methionine and chased in the
absence or the presence of two distinct
proteasome inhibitors, LLnL and
MG132 (Fig. 9B,C). After 5 h, nearly
all the labeled Paip2A was degraded,
while Paip2B was only slightly dimin-
ished (Fig. 9B,C). The presence of the
proteasome inhibitors increased the sta-
bility of both proteins, although Paip2A
stability increased to a greater extent.
These results are in agreement with the
recent report of Yoshida et al. (2006).
PABP levels were not affected by pro-
teasome inhibitors. Proteins whose lev-
els are regulated by the proteasome are
targeted for degradation by covalent
ligation to polyubiquitin complexes
(Hershko and Ciechanover 1998). Paip2

ubiquitination was assessed by coexpression of HA-tagged
Paip2 proteins with His6-ubiquitin in HEK 293T cells. Cells
were treated with proteasome inhibitor and lysed in a de-
naturing buffer to prevent degradation or deubiquitination
of the protein–ubiquitin conjugates, as well as noncovalent
protein–protein interactions (Treier et al. 1994). After
purification of His6-ubiquitin-containing proteins, polyu-
biquitinated HA-Paip2A and HA-Paip2B were detected as

TABLE 2. Relative expression levels of Paip2A and Paip2B mRNAs in different
mouse tissues

Tissue Paip2A Paip2B Paip2A vs. Paip2B

Heart 3.7 (4.8–2.8) 1.5 (1.7–1.3) 7.3 (8.9–6.0)
Brain 3.1 (3.5–2.8) 3.0 (3.2–2.9) 3.0 (3.5–2.6)
Lung 22.4 (27.6–18.1) 8.0 (9.1–7.1) 8.2 (11.0–6.0)
Liver 4.0 (4.6–3.5) 1.8 (2.0–1.6) 6.7 (7.3–6.1)
Kidney 3.5 (4.7–2.6) 0.9 (1.2–0.8) 10.9 (12.9–9.2)
Spleen 24.0 (26.3–21.8) 7.6 (8.4–6.9) 9.3 (10.3–8.3)
Small intestine 3.4 (5.2–2.2) 1.1 (1.3–0.9) 9.1 (12.0–7.0)
Skeletal muscle 1.0 (1.8–0.6) 1.0 (1.5–0.7) 2.9 (3.7–2.3)
Testis 211.2 (262.7–169.8) 60.8 (72.4–51.0) 10.2 (14.2–7.3)

Values indicate the relative mRNA levels compared with those of the skeletal muscle
samples, which were set as one, and represent the mean of at least three independent
experiments. The data in the third column (Paip2A vs. Paip2B) correspond to direct
comparison of the values obtained for Paip2A and Paip2B in each tissue. The values
between brackets represent the interval obtained by addition and subtraction of the standard
deviation of DDCT in the formula (2�DDCT).

TABLE 1. Relative expression levels of Paip2A and Paip2B mRNAs in different
human tissues

Tissue Paip2A Paip2B Paip2A vs. Paip2B

Adipose 5.8 (6.5–5.1) 1.5 (1.7–1.3) 37.1 (41.7–33.0)
Bladder 4.2 (5.0–3.5) 1.8 (2.1–1.5) 22.6 (23.0–22.3)
Brain 6.9 (7.8–6.0) 8.7 (10.0–7.5) 7.7 (7.8–7.5)
Cervix 8.6 (9.4–7.9) 5.3 (6.0–4.6) 15.7 (16.5–15.1)
Colon 2.7 (3.3–2.3) 1.1 (1.2–1.0) 23.9 (26.0–22.0)
Esophagus 3.2 (3.6–2.9) 2.8 (3.1–2.5) 11.1 (11.5–10.6)
Heart 2.4 (2.7–2.2) 4.8 (5.4–4.2) 4.9 (5.6–4.3)
Kidney 2.6 (2.9–2.4) 3.5 (4.0–3.1) 7.3 (7.7–6.9)
Liver 2.7 (3.0–2.5) 4.7 (5.1–4.3) 5.7 (6.3–5.1)
Lung 7.6 (8.2–7.1) 2.3 (2.4–2.2) 31.6 (33.9–29.4)
Ovary 6.7 (6.9–6.5) 3.6 (4.0–3.3) 18.0 (19.4–16.7)
Placenta 6.5 (8.2–5.2) 0.2 (0.17–0.24) 305.8 (339.1–275.9)
Prostate 4.6 (4.7–4.5) 3.2 (4.1–2.4) 14.1 (18.2–10.9)
Skeletal muscle 1.0 (1.2–0.9) 1.0 (1.1–0.9) 9.7 (9.9–9.5)
Small intestine 2.2 (2.5–1.9) 0.7 (1.0–0.5) 30.2 (37.1–24.6)
Spleen 4.0 (4.4–3.7) 1.3 (1.5–1.1) 30.7 (32.5–29.0)
Testis 13.4 (14.8–12.0) 2.9 (3.8–2.3) 44.2 (52.2–37.5)
Thymus 5.8 (6.4–5.3) 0.8 (0.9–0.7) 71.3 (73.6–69.2)
Thyroid 5.7 (7.0–4.6) 2.0 (2.6–1.5) 27.7 (29.5–25.9)
Trachea 3.1 (3.6–2.6) 2.1 (2.7–1.6) 14.4 (18.5–11.1)

Values indicate the relative mRNA levels compared with those of the skeletal muscle
samples, which were set as one, and represent the mean of at least three independent
experiments. The data in the third column (Paip2A vs. Paip2B) correspond to direct
comparison of the values obtained for Paip2A and Paip2B in each tissue. The values
between brackets represent the interval obtained by addition and subtraction of the standard
deviation of DDCT in the formula (2�DDCT).
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discrete bands and in high-molecular-weight smears (Fig.
9D). In good agreement with the results in Figure 9, B and
C, the relative amount of ubiquitinated Paip2A was much
higher than that of ubiquitinated Paip2B, and the levels of
both proteins increased in the presence of the proteasome
inhibitor. Furthermore, some ubiquitinated forms of
Paip2A were observed in the whole-cell lysate. To demon-
strate that the ubiquitination of these proteins was in-
dependent of their fusion to the HA tag and to show that
the untagged and endogenous Paip2 proteins are also
ubiquitinated, we expressed His6-ubiquitin alone (to assess
endogenous Paip2 proteins ubiquitination) or in combi-
nation with either HA-Paip2A or HA-Paip2B, or untagged
Paip2A or Paip2B. In each case, the untagged and HA-
tagged proteins were ubiquitinated in the absence or
presence of proteasome inhibitor. Endogenous Paip2A
showed the characteristic pattern of ubiquitination after
treatment with the proteasome inhibitor. Ubiquitination of
endogenous Paip2B was not observed, most likely due to its
lower level of expression compared to Paip2A and to the
lower ubiquitination observed even when the protein is
overexpressed. Taken together, these results show that the
ubiquitin/proteasome degradation pathway impacts Paip2A

to a greater extent than Paip2B, since its half-life is con-
siderably shorter than that of Paip2B.

DISCUSSION

Paip2 is an inhibitor of translation both in vitro and in
vivo. Paip2 displaces PABP from the poly(A) tail and
competes with Paip1 for PABP binding (Khaleghpour
et al. 2001b; Roy et al. 2002), thus abrogating mRNA
circularization, which is dependent on cross talk between
the 59 and 39 ends via PABP-eIF4G and PABP-Paip1-eIF4A
interactions (Sachs et al. 1987; Tarun and Sachs 1996; Craig
et al. 1998; Imataka et al. 1998; Gingras et al. 1999; Hershey
and Merrick 2000; Mathews et al. 2000; Sachs 2000). Here
we described a homolog of Paip2, termed Paip2B (Paip2 is
now referred to as Paip2A). Paip2B mRNA encodes a 123-
amino-acid polypeptide, four residues shorter than Paip2A.
The two proteins exhibit extensive sequence conservation
within the PABP binding sites, PAM1 and PAM2. The most
divergent sequence corresponds to the 27 residues nearest
the N terminus and may constitute a target for differential
regulation of these two homologs.

FIGURE 8. Characterization of an antibody specific for Paip2B: tissue-specific distribution of Paip2 proteins. A Paip2B-specific antibody was
obtained by immunizing rabbits with GST-Paip2B (residues 1–21). (A) 293T cells were transfected with plasmids encoding HA-Paip2A or HA-
Paip2B, and cell extracts were analyzed by Western blot using anti-Paip2B and anti-HA. (B) 293T cells were transfected with plasmids containing
either no insert (negative control) or encoding either HA-Paip2A or HA-Paip2B. Cell extracts were subjected to immunoprecipitation using anti-
Paip2A or anti-Paip2B, as indicated. The immune complexes were analyzed by far-Western blotting using 32P-HMK-PABP as a probe. The
electrophoretic migration of endogenous and HA-tagged Paip2 proteins is indicated. (C) Equal amounts of total protein (150 mg) from mouse
tissue extracts were subjected to SDS-PAGE and analyzed by Western blot using antibodies against Paip2B, Paip2A, PABP, or eIF2a (as a loading
control), as indicated, and by far-Western blot using a 32P-HMK-PABP probe (bottom panel). The values under the Western blot panels represent
the intensities of bands in each tissue normalized with respect to the corresponding eIF2alpha bands. For comparison, the value obtained for the
small intestine sample was set as one. (D) 293T, HeLa, COS-7, and NIH 3T3 cell extracts were prepared, and equal amounts of protein were
subjected either to immunoprecipitation using anti-Paip2B or anti-Paip2A antibodies or to SDS-PAGE (50 mg of whole-cell extract) and Western
blotting using the same antibodies. The immune complexes were analyzed by far-Western blotting using a 32P-HMK-PABP probe.

Characterization of a Paip2 homolog

www.rnajournal.org 1563

JOBNAME: RNA 12#8 2006 PAGE: 8 OUTPUT: Wednesday July 5 12:57:51 2006

csh/RNA/118165/rna1065



Homologs of Paip2A and Paip2B
have been identified, by searching in
the GenBank, in D. melanogaster, frogs,
and various fish species such as salmon
and zebrafish (Fig. 1B,C), but no Paip2
homologs were found in Caenorhabditis
elegans, S. cerevisiae, Schizosaccharomy-
ces pombe, or plants. Nevertheless,
PAM1- and PAM2-containing proteins
have been found in Arabidopsis thaliana
(Bravo et al. 2005). Surprisingly, the
amino acid sequences of the Xenopus
laevis and zebrafish putative Paip2
homologs are more similar to Paip2B
(frog: 77% identical/88% similar to
Paip2B vs. 57%/78% to Paip2A; zebra-
fish: 51% identical/68% similar to
Paip2B vs. 48%/65% to Paip2A). In
fact, these sequences appear to share
an ancestor with human and mouse
Paip2B (Fig. 1C). Salmon Paip2,
however, seems to have evolved inde-
pendently from the other sequences.
The D. melanogaster genome contains
the most distant putative Paip2
homolog with only 25% amino acid
identity and 50% similarity with
Paip2B, and 31% identity and 51%
similarity with Paip2A (Fig. 1B,C).
However, D. melanogaster Paip2, similar
to its mammalian homologs, inhibits
translation in vitro and cell growth
when overexpressed in fly tissues (Roy
et al. 2004).

The human Paip2A and Paip2B phy-
logenetic distribution (Fig. 1C) suggests
that these two sequences diverged early
during their evolution. While our
results show that both homologs regu-
late PABP function on translation, other
distinct functions for both proteins may
yet be identified. Thus, considering
these observations, it is reasonable to
speculate that these two proteins
evolved separately, either to serve dif-
ferent functions or, if their primary
function is in translation, to be differ-
entially regulated. Paip2A has been im-
plicated in the regulation of mRNA
stability through the binding to the 39
untranslated region (Gouyon et al.
2003; Onesto et al. 2004).

Paip2A was initially described as a
repressor of translation initiation
(Khaleghpour et al. 2001b). However,

FIGURE 9. Differential regulation of Paip2A and Paip2B protein levels. (A) HEK 293T cells
were transiently transfected by using increasing amounts of plasmids encoding HA-Paip2A or
HA-Paip2B, as indicated. At 24 h post-transfection, cells were lysed and lysates were analyzed
by Western blot using anti-HA. Samples from two independent experiments were loaded. (B)
HEK 293T cells were transfected with plasmids encoding HA-tagged proteins (PABP, Paip2A,
or Paip2B) and metabolically labeled for 2 h with [35S]methionine and chased with cold
methionine for 5 h in the absence or presence of 50 mM LLnL (proteasome inhibitor). Cell
lysates were subjected to immunoprecipitation with anti-HA antibody, and immune
complexes were washed and resolved by SDS-PAGE gels, dried, and exposed to X-ray film.
(C) The same procedure as in B, but cells were metabolically labeled for 1 h with
[35S]methionine in the absence or presence of 10 mM MG132 (proteasome inhibitor) and
were chased or not chased with cold methionine for 5 h, in the same conditions. After
immunoprecipitation with anti-HA antibody, immune complexes were first washed and
proteins resolved by SDS-PAGE gels and then transferred to nitrocellulose membranes and
exposed to X-ray film (upper panel). After autoradiography membranes were analyzed by
Western blot using anti-HA and anti-PABP antibodies (lower panels) as indicated. Numbers
under the upper autoradiography panel represent the intensity of bands in each lane. For
comparison, the values obtained at chase time 0 in the absence of MG132 were taken as 100%.
The numbers between brackets were obtained when the values at chase time 0 in the presence
of MG132 were taken as 100%. (D) Cells were cotransfected with plasmids encoding either
HA-Paip2A or HA-Paip2B and a plasmid encoding His6-ubiquitin. At the indicated times
before lysis, some of the cells were treated with 50 mM LLnL. Cells were lysed in guanidine-HCl
denaturing buffer, and His6-tagged complexes were purified by using a metal affinity resin as
described in the Materials and Methods. Purified proteins were eluted from the resin with 13
Laemmli sample buffer, and the presence of HA-Paip2A or HA-Paip2B was revealed by
Western blotting with anti-HA (upper panel). Aliquots of cell lysates were also analyzed in the
same way for the presence of HA-Paip2A and HA-Paip2B. (E) The same procedure as in D
(upper panel), but cells were also transfected with an empty plasmid or with plasmids encoding
either untagged Paip2A or Paip2B in combination with the His6-ubiquitin plasmid. Half of the
cells were treated with LLnL for 6 h before lysis. Proteins were visualized by Western blot using
appropriate specific antisera for Paip2A and Paip2B proteins.

Berlanga et al.

1564 RNA, Vol. 12, No. 8

JOBNAME: RNA 12#8 2006 PAGE: 9 OUTPUT: Wednesday July 5 12:58:00 2006

csh/RNA/118165/rna1065



the discovery that mammalian GSPT/eRF3 is a PABP-
interacting protein that appears to stimulate translation of
capped and polyadenylated mRNA by facilitating ribosome
shunting from the 39 to the 59 end of the mRNA (Uchida
et al. 2002) suggests that Paip2 proteins may also act as
inhibitors of translation reinitiation. The C-terminal do-
main of GSPT/eRF3 interacts with eRF1 (eukaryotic re-
leasing factor 1), and the N-terminal domain binds PABP,
as do the Paip2 homologs via their C-terminal PAM2
domain. Thus, Paip2 proteins may also repress translation
reinitiation by competing with GSPT/eRF3 for binding to
PABP.

Northern and Western blots, together with quantitative
RT-PCR data, show that both Paip2 mRNAs and proteins
are present in a wide variety of tissues but at significantly
different levels. Regarding mRNA levels, Paip2A is more
abundant than is Paip2B, thus suggesting the presence of
higher protein levels in cells and a possible predominant
role for Paip2A in translational control, compared with
Paip2B. Nevertheless, Paip2A and Paip2B are highly
expressed in the testis compared with other tissues, raising
the possibility that these proteins play an important role in
spermatogenesis by modulating PABP activity. mRNA
stability is crucial during spermatogenesis (Schafer et al.
1995; Steger et al. 1998), and high levels of PABP are
present in mRNPs, suggesting its potential role in mRNA
stability and translation. Moreover, a PABP isoform that is
highly similar to PABP is expressed specifically in the testis,
suggesting another possible target for Paip2-mediated
regulation (Feral et al. 2001).

The longest Paip2B mRNA cloned from the brain is 6286
bp long, but the open reading frame comprises only 369 bp.
Northern blots revealed the presence of three major Paip2B
mRNA isoforms in most of the tissues examined, with each
isoform present at different levels in different tissues (Fig.
7). In the brain the longest isoform predominates, while in
the testis, where overall Paip2B mRNA is especially high,
the shortest isoform is more abundant. These isoforms are
most likely a consequence of the different polyadenylation
signals present in the lengthy 39 UTR that contains several
canonical polyadenylation sites. However, the sizes of the
two shorter mRNAs are compatible with two alternative
polyadenylation signals (AGUAAC) at positions 684–689
and 1141–1146, respectively. The differential use of various
polyadenylation sites may reflect the concentration of
polyadenylation factors in different tissues and/or may be
related to the way in which translation of these mRNAs
is modulated (Edwalds-Gilbert et al. 1997), representing
another way in which Paip2B protein levels are regulated.

Both Paip2B and Paip2A can be ubiquitinated. The
conserved PABC domain that interacts with PAM2 in
Paip1, Paip2A, and Paip2B is also found in a second family
of proteins comprising HYD (for hyperplastic discs) in
D. melanogaster, EDD in humans, and 100-kDa protein
(rat100) in rats (Deo et al. 2001). In addition, all these

proteins contain the HECT domain, which is characteristic
of a family of proteins that function as E3 ubiquitin-protein
ligases that target specific proteins for ubiquitin-mediated
proteolysis (Callaghan et al. 1998; Hershko and Ciechanover
1998; Honda et al. 2002; Oughtred et al. 2002). We recently
showed that Paip2 becomes ubiquitinated via its interaction
with EDD through its PAM2/PABC domain (Yoshida et al.
2006). The degradation of Paip2 proteins by the ubiquitin/
proteasome system constitutes the first evidence that these
proteins are post-translationally regulated, thereby providing
a mechanism for controlling their levels and, consequently,
modulating PABP function and translation.

MATERIALS AND METHODS

Paip2B cDNA (clone KIAA1155) (Hirosawa et al. 1999) was
kindly provided by Takahiro Nagase of Kazusa DNA Research
Institute (Japan).

Sequence analysis

Amino acid sequences were aligned by using the CLUSTAL W
program (Thompson et al. 1994) running on an NPS@ server
(Combet et al. 2000). Matrix distances for the Kimura two-
parameter model were then generated (Felsenstein 1993) and used
to compute neighbor-joining phylogenetic trees. The robustness
of each node was assessed by bootstrap resampling (1000
pseudoreplicates). Phylogenetic and molecular evolutionary anal-
yses were conducted by using MEGA version 2.1 (Kumar et al.
1994). The GenBank accession numbers corresponding to the
sequences used throughout the phylogenetic studies are AF317675
(human Paip2A), BF166492 (mouse Paip2A), BE372304 (mouse
Paip2B), AAF54880 (D. melanogaster Paip2), BJ028919 (Xenopus
laevis Paip2), AJ424615 (salmon Paip2), BQ131348 (zebrafish
Paip2-1), and BI706223 (zebrafish2 Paip2-2).

GST pull-down assay

Purified GST fusion proteins (5 mg) encoding GST-Paip2B or
GST-Paip2A were incubated for 15 min at 4°C with 5 mg of
PABP-His in a total volume of 300 mL pull-down buffer (PDB;
20 mM Tris-HCl at pH 7.5, 100 mM NaCl, 1 mM dithiothreitol,
0.5 mM EDTA, 5%[w/v] glycerol, 0.5% [w/v] NP-40). GST was
used as a negative control. Each assay was then incubated with
glutathione-Sepharose beads for 1 h at 4°C. The supernatant was
removed and the beads washed four times with 500 mL of PDB.
Proteins were eluted with 25 mL of 13 Laemmli sample buffer.
The samples were boiled for 5 min, resolved by SDS-PAGE, and
stained with Coomassie blue R-250.

Cell culture and transient transfection

293T, HeLa, COS-7, and NIH 3T3 cells were cultured in DMEM
containing 10% fetal bovine serum (GIBCO) in an atmosphere of
5% CO2. 293T cells at 70%–80% confluence were transiently
transfected by using the Lipofectamine and Plus reagent (Invi-
trogen) according to the manufacturer’s instructions. In the experi-
ments that examined the effect of Paip2 on in vivo translation, cells
were cotransfected with a fixed amount of plasmid pcDNA3-CAT-
HCV IRES-Luc encoding the bicistronic CAT-HCV IRES-luciferase
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mRNA (Rivas-Estilla et al. 2002) along with increasing amounts of
pcDNA3 plasmid (Invitrogen) encoding either HA-tagged Paip2B
or HA-tagged Paip2A. The total amount of DNA was kept constant
by the addition of empty pcDNA3 plasmid. Cells were harvested
24–36 h after transfection for further analysis.

Protein expression and purification

HMK-PABP-His (Khaleghpour et al. 2001a) and GST-HMK-
PABP-His (Khaleghpour et al. 2001a; Roy et al. 2002) were
expressed and purified as previously described. For purification
of GST fusion proteins, Escherichia coli BL21 cells were trans-
formed with the various pGEX6P constructs encoding GST-PABP
fragments (RRM 1, 2, 3, 4, 1–2, 3–4. 2–3, C1, and C2), GST, and
GST fusion proteins, lysed by sonication, and the fusion proteins
were then purified as previously described (Khaleghpour et al.
2001a) using glutathione-Sepharose (Amersham Pharmacia Bio-
tech). HMK-Paip2B-His was expressed as a GST fusion protein,
and the GST portion was cleaved on the column by using
PreScission protease according to the manufacturer’s instructions
(Amersham Pharmacia Biotech). Purified proteins were dialyzed
against the appropriate buffer or used directly in cleavage buffer.

Far-Western analysis

All experiments were performed as previously described (Kha-
leghpour et al. 1999). Membranes were incubated overnight at
4°C in hybridization buffer containing 32P-HMK-PABP-His or
32P-HMK-Paip2B-His as previously described (Blanar and Rutter
1992), washed four times with hybridization buffer, and exposed
to X-ray film (Du Pont).

Paip2B-specific antibody and Western blotting

Two New Zealand White rabbits were immunized with 0.25–0.5 mg
GST-Paip2B (residues 1–21) at 4-wk intervals. Crude serum was
used for Western blotting at 1:1000 dilution. All antibodies were
diluted in TBS-T (20 mM Tris-HCl at pH 7.5, 500 mM NaCl,
0.05% Tween 20) containing 5% nonfat milk. Membranes were
washed three times with TBS-T and incubated with either anti-
rabbit or anti-mouse horseradish peroxidase-conjugated IgG
(Amersham Pharmacia Biotech) diluted 1:5000 in TBS-T for
30 min. After extensive washing with TBS-T, proteins were detected
by using an enhanced chemiluminescence (ECL) kit (Amersham
Pharmacia Biotech) and X-ray film (Du Pont). Other antibodies
used for Western blot experiments were rabbit polyclonal anti-
bodies anti-PABP (Imataka et al. 1998) and anti-eIF2a (FL-315,
Santa Cruz Biotechnology).

Tissue and cell extract preparation
and immunoprecipitation

Tissues were obtained from 16-wk-old Balb/c mice and immedi-
ately frozen in liquid nitrogen and stored at �70°C. Tissues were
thawed on ice and homogenized in 3 mL of ice-cold buffer A (50
mM Tris-HCl at pH 7.5, 150 mM KCl, 1 mM DTT, 1 mM EDTA,
including Protease Inhibitor Cocktail Complete [Roche]) per g of
tissue using a Polytron homogenizer (Brinkmann Instruments).
Cell debris was removed by centrifugation at 12,000g for 10 min at
4°C, and protein concentration was measured in the supernatant
using the Bio-Rad Protein Assay. Equivalent amounts of protein

(150 mg) were subjected to SDS-PAGE for Western blot and far-
Western analyses. Cell extracts were prepared by using lysis buffer
(20 mM Tris-HCl, 200 mM NaCl, 5% glycerol, 1% Nonidet P-40,
Protease Inhibitor Cocktail Complete [Roche]). After centrifuga-
tion to remove cell debris, the clarified supernatant (0.4–1.5 mg
protein) was incubated with the appropriate antibody (mouse
monoclonal anti-HAII [BABCO], rabbit polyclonal anti-Paip2A,
or anti-Paip2B) and 20 mL Protein G–Sepharose slurry (50% v/v)
for 1–3 h at 4°C. After three washes with 1 mL lysis buffer,
proteins were eluted with 13 Laemmli sample buffer, subjected to
SDS-PAGE, and transferred to a nitrocellulose membrane for
Western blot or far-Western analyses.

CAT protein and luciferase activity determination

Cells were washed twice with phosphate-buffered saline (PBS) and
lysed by using Passive Lysis Buffer (Promega). After removal of
cell debris, equal amounts of total protein were used to measure
CAT protein (CAT ELISA, Roche) and luciferase activity (Lucif-
erase Assay System, Promega) in the lysates.

RNA extraction, reverse transcription, and
real-time PCR

Mouse tissues were obtained from Balb/c male and female mice as
described above. Total RNA from mouse tissues was extracted by
using TRIZOL Reagent (Invitrogen), following the manufacturer’s
instructions. To avoid genomic DNA contamination, RNA sam-
ples were treated with RQ1 RNase-Free DNase (Promega) and
precipitated in the presence of 3 M LiCl and 20 mM EDTA.
Human total RNA corresponds to FirstChoice Human Total RNA
Survey Panel (Ambion). For determination of Paip2A and Paip2B
mRNA expression, 1 mg of total RNA was reverse-transcribed in
a 20 mL reaction mixture also containing AMV Reverse Tran-
scriptase and its corresponding buffer (Promega), the four dNTPs
(BIOTOOLS), and gene specific primers for mouse/human
Paip2A, Paip2B, or GAPDH (Invitrogen). The reaction mixture
was incubated for 60 min at 48°C, followed by enzyme
inactivation for 5 min at 95°C. The LightCycler FastStart DNA
MasterPLUS SYBR Green I system (Roche) was used for real-time
PCR amplification using 1 mL of first-strand cDNA reaction as
a template. The level of GAPDH mRNA in each sample was
determined in order to normalize for differences of total RNA
amount. The data were derived from at least three independent
reverse-transcription reactions and real-time PCR performed in
duplicate. Data analysis to determine relative Paip2A and Paip2B
mRNA expression was performed according to the 2�DDCT method
(Livak and Schmittgen 2001). Primers were designed to amplify
fragments of z300 bp in the open reading frame of mouse and
human Paip2A (330 bp), Paip2B (326 bp), and GAPDH (295 bp).

Northern blotting

Two Human Multiple Tissue Northern blot membranes (Clon-
tech) were consecutively hybridized with 32P-labeled probes
specific to Paip2B (open reading frame or 59 untranslated
regions), Paip2A (Acc I-Pst I fragment from the 39 untranslated
region) or actin (Clontech) according to manufacturer’s instruc-
tions. After extensive washing, the membranes were exposed to
BioMax MS film (Eastman Kodak).
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In vitro translation

Capped poly(A)+ bicistronic CAT-HCV IRES-luc mRNA was
translated in vitro in a Krebs-2 cell-free translation system (Svitkin
et al. 1984) as previously described (Khaleghpour et al. 2001a,
Khaleghpour et al. 2001b). Translation reactions (12.5 mL)
contained 40 ng mRNA in the absence or presence of affinity-
purified GST, GST-Paip2B, or GST-Paip2A. CAT expression was
measured by using an enzyme-linked immunosorbent assay kit
(Roche). Luciferase expression was analyzed by using a luciferase
assay kit (Promega) and a Lumat LB 9507 bioluminometer
(Berthold).

Filter binding assay

Filter binding was performed as previously described (Khalegh-
pour et al. 2001b). Briefly, a radiolabeled A25 RNA was added to
varying mixtures of His-PABP and GST, GST-Paip2A, or GST-
Paip2B. Binding reactions were carried out for 30 min at room
temperature. To determine the relative dissociation constants of
PABP, the concentrations of RNA and GST-containing proteins
were kept constant, and the concentration of PABP was varied.
The radioactive RNA retained on filters was quantified by liquid
scintillation counting. The value obtained at the highest PABP
concentration in the presence of GST was designated ‘‘100%
retention.’’

Pulse-chase experiments

HEK 293T cells were transfected in 10-cm dishes, as described
above, and were split up into 6-cm dishes at 24 h post-
transfection. Cells were washed once with methionine-deficient
medium, then incubated for 15 min in the same medium
containing 10% dialyzed fetal bovine serum, and finally labeled
in the same medium containing 0.1 mCi/mL [35S]methionine for
2 h. The cells were then washed once with normal growth medium
containing 10 mM unlabeled methionine and chased for 5 h in the
absence or the presence of 50 mM LLnL proteasome inhibitor
(Sigma). For another set of experiments, cells were first labeled for
1 h in the absence or the presence of 10 mM MG132 proteasome
inhibitor (Calbiochem) and then chased for 5 h under the same
conditions, as described above. The cells were washed once with
PBS and lysed in lysis buffer. Equal amounts of total protein were
subjected to immunoprecipitation with anti-HA as described
above. Immune complexes were washed extensively with lysis
buffer and resolved by SDS-PAGE (12% gel), dried, and exposed
to X-ray film; alternatively, proteins were transferred to nitrocel-
lulose membranes, exposed to X-ray film, and then probed with
anti-PABP or anti-HA antibodies, as indicated.

In vivo ubiquitination experiments

HEK 293 cells were cotransfected as described above with
a plasmid encoding His6-ubiquitin (Treier et al. 1994) along with
a plasmid encoding either HA-Paip2A or HA-Paip2B, or the same
plasmid containing no insert. At 24 h post-transfection, cells were
either mock-treated or treated with 50 mM LLnL. Cells were lysed
in guanidine-HCl denaturing buffer, and His6-tagged proteins
were purified by using the TALON metal affinity resin (Clontech)
as described previously (Treier et al. 1994). Bound proteins were
eluted from the resin with 25 mL of 13 Laemmli sample buffer

and resolved by SDS-PAGE (12% gel). HA-Paip2A and HA-
Paip2B were visualized by Western blotting with anti-HA, while
untagged or endogenous Paip2A and Paip2B were visualized by
using antibodies specific to Paip2A or Paip2B.
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