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Polyadenylate-binding protein-interacting proteins PAIP1
and PAIP2 affect translation termination
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Polyadenylate-binding protein (PABP) stimulates translation
termination via interaction of its C-terminal domain with
eukaryotic polypeptide chain release factor, eRF3. Additionally,
two other proteins, poly(A)-binding protein-interacting pro-
teins 1 and 2 (PAIP1 and PAIP2), bind the same domain of PABP
and regulate its translation-related activity. To study the bio-
chemistry of eRF3 and PAIP1/2 competition for PABP binding,
we quantified the effects of PAIPs on translation termination in
the presence or absence of PABP. Our results demonstrated that
both PAIP1 and PAIP2 prevented translation termination at the
premature termination codon, by controlling PABP activity.
Moreover, PAIP1 and PAIP2 inhibited the activity of free PABP
on translation termination in vitro. However, after binding the
poly(A) tail, PABP became insensitive to suppression by PAIPs
and efficiently activated translation termination in the presence
of eRF3a. Additionally, we revealed that PAIP1 binds eRF3 in
solution, which stabilizes the post-termination complex. These
results indicated that PAIP1 and PAIP2 participate in transla-
tion termination and are important regulators of readthrough at
the premature termination codon.

PABP? a multifunctional protein involved in RNA metabo-
lism is a major mRNA-interacting protein in eukaryotic cells.
The N-terminal half of the protein contains four RNA-recogni-
tion motifs (RRMs) (Fig. 14), and two of these (RRM1/2) spe-
cifically bind 12 adenines on mRNA poly(A) tails, whereas the
others (RRM3/4), nonspecifically bind any RNA (1). Each RRM
has two surfaces, with one capable of binding RNA and the
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other capable of interacting with the PABP-associated motif
(PAM) 1 region of several proteins. The C-terminal domain of
PABP (CTC), which binds the PAM2 motif of specific proteins,
is joined with the N-terminal portion of PABP by an unstruc-
tured linker (Fig. 1A4) (2).

In animal cells, PABP is controlled by the PABP-interacting
proteins PAIP1 and PAIP2. PAIP1 contains PAM1 and PAM2
motifs, as well as a domain homologous to the middle elF4G
domain (MIF4G) (Fig. 1A4) (3). PAMI1 binds the RRM1/2
motifs of PABP with high affinity, whereas PAM2 binds the
CTC domain of PABP with low affinity (4). PAIP2 contains
only PAM1 and PAM?2 domains and binds PABP exclusively
(Fig. 1A) (5, 6). Similar to PAIP1, the PAM1 motif of PAIP2
efficiently binds the RRM2/3 of PABP, whereas the PAM?2
motif binds the CTC domain of PABP with ~100-fold less
affinity (5).

PABP is most known for protecting mRNA from degradation
(reviewed in Ref. 7), and PABP regulates translation initiation.
It binds the N-terminal region of eukaryotic initiation factor 4G
(eIF4@G), which mutually potentiates the activities of each pro-
tein (8). The interaction enhances both PABP binding to the
poly(A) tail of mRNA and elF4G interaction with the cap-bind-
ing initiation factor eIF4E (9, 10). In turn, PABP-eIF4G inter-
action initiates the formation of a closed-loop mRNA structure
involving adjacent 5’ and 3’ ends (11), with this structure sig-
nificantly enhancing translation efficiency, although details
associated with this process remain unclear (12, 13). Interaction
of PAIP1 with PABP stimulates translation in vivo (3), and
PAIP1 also binds several translation—initiation factors, such as
elF4G, elF4A, and eIF3, to form the ternary complexes PAIP1-
PABP-elF4G, PABP-PAIP1-elF4A, and PAIP1- elF3-elF4G
(3, 14). These (or higher order) complexes stabilize the closed-
loop mRNA structure and stimulate translation. In contrast
with PAIP1, PAIP2 inhibits translation (6), with PABP binding
of an mRNA poly(A) tail inducing PABP bending at a point
between the RRM2 and RRM3 domains, whereas interaction
with PAIP2 unbends PABP and prevents the binding with
the poly(A) regions of RNA (15). Moreover, PAIP2 also com-
petes with eIF4G for PABP binding (16). These two proper-
ties of PAIP2 appear to determine its translation—
suppression capacity.

Another significant PABP activity involves the stimulation of
translation termination. Eukaryotic translation termination
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Figure 1. Effect of PAIP1 and PAIP2 on translation termination in the cell-free translation system and interaction of PAIP1 and PAIP2 with PABP and
eRF3a. A, schematic showing the domain organization of PABP, PAIP1, PAIP2, and eRF3a. Sites of interaction between different PAM motifs with PABP domains
are marked with gray lines. B, schematic showing the organization of model luc-poly(A) and PTC-luc-poly(A) mRNAs. C, effect of PAIP1 and PAIP2 on the PTC
readthrough of PTC-luc-poly(A) mRNA in Krebs-2 cell lysate. **, p < 0.01; *, p < 0.05, t test. D and E, interaction of PAIP1 and PAIP2 with PABP and eRF3a
according to GST or magnetic bead pulldown assays. D, PAIP1 and PAIP2 binding with PABP or the PABP-eRF3a complex according to anti-PABP staining. E,
PABP binding with eRF3a or PAIP1 + eRF3a, PAIP2 + eRF3a according to anti-eRF3a staining. For detection, antibodies raised against PAPB and eRF3 were
used. ¢, control protein; w, wash; e, elution by protease cleavage of GST-tagged proteins.

requires two release factors: eukaryotic polypeptide chain
release factor (eRF) 1 and eRF3 (17, 18). eRF1 is responsible for
stop codon recognition and induction of peptidyl-tRNA hydro-
lysis (19 —23). Additionally, eRF1 interacts with eRF3, a GTPase
that ensures loading of eRF1 onto the ribosome (17, 20, 24) and
induces conformational rearrangement of the latter (25-27).
eRF3 is comprised of an N-terminal domain containing the
PAM?2 motif, which binds PABP, and the core of the protein
(eRF3c), which interacts with eRF1 (Fig. 1A4) (28). PABP binding
to eRF3 enhances the loading of the release factors onto the
ribosome (29, 30), thereby preventing interaction of an eRF1-
eRF3 complex with the nonsense-mediated decay machinery
and inhibiting stop codon readthrough (31). Notably, some
organisms lacking dedicated stop codons have been proposed
to utilize this PABP-related activity to discriminate between
sense and stop codons (23, 32—34).

Because PAIP1/2 and eRF3 interact with the same CTC
domain of PABP, they can theoretically compete for binding to
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PABP, thereby affecting the efficiency of translation termina-
tion and initiation. To clarify this issue, we analyzed the effect of
PAIP1 and PAIP2 on the stop codon readthrough and transla-
tion termination efficiency in the presence of PABP. We found
that both PAIP1 and PAIP2 increased PTC readthrough in a
cell-free translation system. In the reconstructed translation
system, PAIP2 abrogated the stimulating effects of free PABP
on translation termination, most likely by preventing PABP
interaction with eRF3. By contrast, under the same conditions,
PAIP1 exhibited a dual effect on translation termination first by
competing with eRF3 for binding with free PABP to decrease
termination efficiency and second by interacting with eRF3 to
increase the efficiency of postTC formation, even in the
absence of PABP. Based on our observations, we propose that
one of the functions of PAIP1 and PAIP2 during translation is
to prevent translation termination at PTCs via sequestration of
unbound PABP.
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Table 1
Amount of endogenous proteins in 10 ul of Krebs S30 lysate
Protein Amount
pmol
PABP 30
PAIP1 0.03
PAIP2 Not detected
eRF1 20
eRF3a 2
Results

PAIP1 and PAIP2 increase PTC readthrough in cell-free
translation

To examine how PAIPs modulate the activity of PABP during
translation termination, we first tested whether PAIPs influ-
ence stop codon readthrough. We constructed a model mRNA
containing PTC in the coding sequence of firefly luciferase (Fig.
1B). Because PABP affected both translation initiation and ter-
mination, we compared the translation rate in the cell-free sys-
tem of model mRNAs differing only by the presence/absence of
PTC in the luciferase coding sequence. PTC readthrough was
calculated using the following formula: (translation rate of the
PTC-luc mRNA /translation rate of the luc mRNA) X 100, and
was expressed in percentages. As a result, we determined PTC
readthrough efficiency under various conditions and excluded
the effects of added proteins on the other stages of translation
(Fig. 1C). The cell-free translation was performed in the
nuclease untreated S30 extract from ascites cells Krebs-2 (Fig.
S1). Amounts of PAIP1, PAIP2, PABP, eRF1, and eRF3a in
Krebs-2 extract were determined by Western blotting analysis
with specific antibodies (Table 1 and Fig. S24).

The addition of exogenous PABP did not influence read-
through at the PTC-luc—poly(A) mRNA. Because the concen-
tration of endogenous PABP was 20 times higher than the exog-
enous (Table 1), added PABP was unable to affect readthrough
(Fig. 1C and Fig. S2A). Conversely, the addition of more than
50-fold excess of PAIP1 and PAIP2 to the S30 extract (2 and 0.5
pmol, respectively; Table 1) resulted in a significant increase of
readthrough (with increases of 1.5- and 1.8-fold, respectively)
as compared with the control (Fig. 1C). The addition of 30 pmol
of PAIP1 or PAIP2 to the S30 extract resulted in increase of
readthrough in the presence of PAIP1 and did not change read-
through in the presence of PAIP2 as compared with experi-
ments with the lower concentrations of exogenous proteins
(Fig. S2B). Simultaneous addition of PABP and PAIP1 restored
PTC readthrough level to the control one. Consequently, exog-
enous PABP eliminated PAIP1-induced inhibition of transla-
tion through binding with PAIP1 in solution. By contrast, the
addition of PABP to PAIP2 only partially decreased PTC read-
through induced by PAIP2 (Fig. 1C). To test the effect of the
poly(A) tail, we performed the same experiments using lucifer-
ase mRNAs lacking poly(A) tails (Fig. S2B). In the absence of the
poly(A) tail, the PTC readthrough was higher (4%; Fig. S2C)
than in the presence of the poly(A) tail (2.5%; Fig. 1C). The
addition of PABP and PAIPs did not alter the PTC readthrough
of this mRNA variant (Fig. S2B). It suggests that the poly(A) tail
is required for PABP and PAIP activities in relation to the PTC.
The results obtained in the cell-free translation system indi-
cated that PAIP1 and PAIP2 increased the readthrough of
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the PTC by controlling PABP activity during translation
termination.

PAIP2 prevents binding of PABP and eRF3a in the pulldown
assay

To test the effect of PAIP1 and PAIP2 on the interaction of
PABP with eRF3a, we performed pulldown assays using PABP
bound to magnetic beads and GST-fused PAIP1 and PAIP2.
GST-fused PAIP1 and PAIP2 bound to PABP (Fig. 1D), which
was previously reported (3, 6), and in the presence of eRF3a,
PABP retained the ability to bind both PAIP1 and PAIP2 (Fig.
1D). Pulldown assays using magnetic beads bound with PABP
demonstrated the interaction of PABP with eRF3a alone and
with eRF3a in the presence of PAIP1 (Fig. 1E). However, bind-
ing of PABP to eRF3a in the presence of PAIP2 was less pro-
nounced (Fig. 1E). We concluded that PABP could form a ter-
nary complex with PAIP1 and eRF3a. However, the ternary
complex of PABP with PAIP2 and eRF3a was undetectable in
the pulldown assay.

PAIP2 inhibits the activity of PABP in peptide release assay

Recently, we have shown that PABP stimulates peptide
release and termination complexes (TCs) formation in the
presence of eRF1 and eRF3a using purified preTCs, containing
radiolabeled peptides (30) To determine whether PAIPs inter-
fere with PABP in peptidyl-tRNA hydrolysis, we tested the effi-
ciency of peptide release via the eRF1-eRF3a complex and in
the presence of both PABP and PAIPs (Fig. 2A4). Both PAIP1
and PAIP2 did not influence peptide release induced by release
factors; however, after activation of peptide release by the addi-
tion of PABP to the release factors, we observed decreasing of
peptide release by PAIP2, whereas PAIP1 did not influence
under the same conditions. These results indicated that PAIP2
was a stronger inhibitor of PABP during peptidyl-tRNA hydro-
lysis than PAIP1.

PAIP1 and PAIP2 suppress PABP stimulation of TC formation

We determined the influence of PAIP1 and PAIP2 on the
stimulation activity of PABP during TCs formation (Fig. 2, B
and C) using fluorescent toe-printing assay (38). The fluores-
cent toe-printing assay allows detection of positions of stable
ribosomal complexes on mRNA via synthesis using fluores-
cently labeled primers targeting cDNA products by reverse
transcriptase. During stop codon recognition by eRF1, the ribo-
some protects additional nucleotides on mRNA, which could
be detected in the toe-printing assay as a one- or two-nucleo-
tide shift of the ribosomal complex (17, 30). As a result, TC
(before peptidyl-tRNA hydrolysis) and postTC (after peptidyl-
tRNA hydrolysis) with the same position on mRNA are formed.

We found that in the presence of eRF1 and eRF3a, the simul-
taneous addition of PAIP1 and PABP or preassociation of
PAIP1 with PABP significantly inhibited the effect of PABP on
ribosomal shift (Fig. 2B). These findings indicated that PAIP1
prevented the binding of the PABP-eRF3a complex to the
preTC, thereby removing PABP from the translation termina-
tion reaction. Similarly, PAIP2 bound PABP in solution and
suppressed PABP-mediated translation activation in the pres-
ence of eRF1 and eRF3a (Fig. 2C). Therefore, PAIP1 and PAIP2
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Figure 2. Effect of PAIP1 and PAIP2 on transactivation of translation termination by PABP. A, effect of PAIP1 and PAIP2 on PABP-mediated peptide release
in the presence of eRF1 and eRF3a. PAIP, PABP, and release factors were preliminarily associated. B, effect of PAIP1 and PABP on TC formation in the presence
of eRF1 and eRF3a. C, effect of PAIP2 and PABP on TC formation in the presence of eRF1 and eRF3a. The background was subtracted, and each mean value was
normalized to the value of eRF1 or eRF1 + eRF3 activity, respectively. **, p < 0.01; ¥, p < 0.05, t test. n, number of repeats.

can compete with eRF3a in solution for PABP binding during
TC formation.

We previously showed in-cis activation of translation termi-
nation by PABP bound to the poly(A) tail of mRNA (30). In the
present study, to examine the effect of PAIPs on the activity of
PABP bound to the poly(A) tail during translation termination,
we performed a toe-printing assay of the complexes assembled
on MVHC-poly(A) mRNA bound with PABP. First, PABP incu-
bated with poly(A) mRNA, and then ribosomal complexes were
assembled from individual components and purified by sucrose
gradient centrifugation (Fig. S3A).

In translation termination, we compared activities of eRF1—
eRF3a and eRF1-eRF3c complexes. eRF3c does not interact
with PABP, which excludes the effect of poly(A)-bound PABP
on translation termination with this protein. As expected,
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poly(A)-bound PABP increased TC formation in the presence
of eRF3a and did not influence in the presence of eRF3c (Fig.
S3B). However, the addition of 1 pmol of PAIP1 or PAIP2 was
unable to suppress mRNA-bound PABP activity during trans-
lation termination (Fig. S3B). Additionally, the ability of PAIP1
to stimulate postTC formation in the presence of eRF3a/c was
very weak or undetectable under such conditions (Fig. S3B). How-
ever, higher amounts (4 pmol) of PAIP1/2 in the reaction induced
unspecific dissociation of the ribosomal complexes. These results
point out the possible influence of binding of PABP to a poly(A) tail
on the suppression of its activity by PAIPs.

PAIP1 promotes the postTC formation

Surprisingly, during competition experiments, we observed
that PAIP1 alone activated TC/postTC formation in the pres-

J. Biol. Chem. (2019) 294(21) 8630-8639 8633
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Figure 3. Effect of PAIP1 and PAIP2 on release factors activity. A, effect of PAIP1 on TC/postTC formation in the presence of eRF1 and eRF3a/c. B, effect of
PABP on activation of TC/postTC formation by PAIP1 in the presence of eRF1 and eRF3c. C, effect of PAIP2 on TC/postTC formation in the presence of eRF1 and
eRF3a/c. The background was subtracted, and each mean value was normalized to the value of eRF1 or eRF1 + eRF3 activity, respectively. **, p < 0.01, t test.
n, number of repeats. D and E, interaction of PAIP1 and PAIP2 with release factors according to GST pulldown assay. PAIP1 and PAIP2 bound with eRF3a or the
eRF1-eRF3a complex (D) and eRF1 or the eRF1-eRF3a complex (E). For detection, antibodies raised against eRF1 and eRF3 were used. ¢, control protein; w,

wash; e, elution by protease cleavage of GST-tagged proteins.

ence of eRF1 and eRF3a and the absence of PABP (Fig. 2B).
However, PAIP1 was unable to stimulate peptide release (Fig.
2A). We proposed that PAIP1 increases the amount of postTC,
formed after peptide release. To confirm this hypothesis, we
evaluated the activity of PAIP1 and PAIP2 in postTC formation
in the absence of PABP. We used two eRF3 variants: the full-
length eRF3a and its truncated form lacking 138 N-terminal
amino acid residues eRF3c, unable to bind PABP. We found
that PAIP1 stimulated postTC formation in the presence of
eRF1 and both eRF3 variant (Fig. 34). Notably, PAIP1 did not
influence postTC formation in the presence of eRF1 alone (Fig.
3A). Because PAIP1 is active during postTC formation in the
presence of full-length and truncated eRF3, the mechanism of
stimulation likely differs from that of PABP. It is likely that the
PAIP1-interacting site of eRF3 is not located in the N-terminal
region of the latter. Interestingly, in the presence of a nonhy-
drolyzable analog of GTP (GDPCP), PAIP1 was unable to stim-
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ulate ribosomal shift during translation termination in contrast
to PABP (Fig. S4). These findings confirm that PAIP1 is
involved in the formation/stabilization of the postTC, which is
formed as a result of peptidyl-tRNA hydrolysis, and before dis-
sociation of eRF1 from the ribosome.

We then used eRF3c, which is unable to bind PABP, to detect
the effect of PABP on PAIP1 during translation termination.
Our results showed that PABP also inhibited PAIP1 activity
during postTC formation, likely by removing PAIP1 from the
reaction (Fig. 3B). These results suggested mutual competition
between PAIP1 and PABP during translation termination;
however, they did not affect their respective binding activity
with eRF3 in vitro (Fig. 1, D and E).

PAIP2 demonstrated only a modest effect on translation ter-
mination in the presence of eRF1 and both eRF3 variants (Fig.
3C). Considering that PAIP2 lacks a MIF4AG domain, which
differentiates it from PAIP1 (Fig. 1A4), our results indicate that
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the MIF4G domain is responsible for postTC stabilization by
PAIP1.

PAIP1 interacts with eRF3

Because PAIP1 increased postTC formation only in the pres-
ence of eRF3a/c, we tested their ability to interact with each
other in solution by GST-pulldown assay. We revealed that
PAIP1 could bind to eRF3a alone, as well as to eRF3a in the
complex with eRF1 (Fig. 3D). Moreover, in the experiment in
which PAIP1 interaction with the complex eRF1-eRF3a was
investigated, we detected binding in a solution of both eRF3a
and eRF1 to PAIP1 (Fig. 3E). Given that, we did not observe
PAIP1 interaction with eRF1 alone (Fig. 3E), we speculated that
during pulldown assay, PAIP1 interacted with eRF1 via eRF3 to
form a ternary complex. As expected, PAIP2 was unable to bind
release factors in similar experiments (Fig. 3, D and E). There-
fore, pulldown experiments indicated that PAIP1 could interact
with eRF3 in solution and further support the hypothesized
involvement of PAIP1 in postTC formation, as previously sup-
posed from the toe-printing assay (Fig. 34).

Discussion

In this study, we revealed the roles of PAIP1 and PAIP2 in
translation termination by investigating their influence on
PABP, which loads release factors onto the ribosome, and their
effect on eRF1 and eRF3. PAIP1 has been described as a trans-
lation activator; however, its influence has only been consid-
ered in the context of translation initiation (3, 4). Here, we
demonstrated a dual and controversial effect of this protein on
translation termination. First, PAIP1 suppressed PABP activity
in termination during cell-free translation, peptide release, and
TC formation (Figs. 1C and 2, A and B). Second, we observed
that PAIP1 was able to interact with eRF3 and the eRF3-eRF1
complex in solution and stimulated postTC formation (Fig. 3
and Fig. S4). Although the precise interaction sites remain
unclear, we speculated that the MIF4G domain of PAIP1 might
be involved in eRF3 binding, given that PAIP1 differs from
PAIP2 primarily by the presence of a MIF4G domain, and
PAIP2 demonstrated no or very modest effect on release-factor
activity (Figs. 24 and 3C). Because the effect of PAIP1 on trans-
lation termination was only observed in the toe-printing assay,
we propose that PAIP1 stabilizes the postTC on the ribosome.
This mechanism was confirmed by the absence of a shift of
ribosomal complex in the presence of PAIP1 and GDPCP (Fig.
S4A). This suggested that fixation of the closed conformation of
eRF3 on the ribosome via a nonhydrolyzable GTP analog elim-
inated the stimulating effect of PAIP1. On the contrary, PABP
remained active in translation termination in the presence of
GDPCP, indicating a different mechanism of action of these
two proteins (Fig. S4B).

It was shown earlier that PAIP2 decreases translation effi-
ciency; however, most studies focus on its involvement in trans-
lation initiation (6). In the present study, we found that inter-
action of PAIP2 with free PABP suppressed PABP activity
during translation termination even stronger than we observed
for PAIP1 both in vitro according to a peptide release assay (Fig.
2A) and during cell-free translation (Fig. 1C). Strong inhibition
of translation termination by PAIP2 can be explained by its
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PABP binding activity, which is stronger than that of eRF3a
(Fig. 1E). The weaker effect of PAIP1 on termination can be
explained by PABP-PAIP1-eRF3a ternary complex formation
(Fig. 1, D and E). We propose that such a complex forms as a
result of simultaneous interaction of different parts of PAIP1
with PABP and eRF3a. After displacement of eRF3a from the
PABP-eRF3a complex, PAIP1 can bind to PABP via PAM1 and
PAM?2 domains and to eRF3a via MIF4G domain (Fig. 1, A, D,
and E).

By contrast to the trans-activity of PABP in termination, both
PAIP1 and PAIP2 did not inhibit the termination activity of
PABP bound to the poly(A) tail of mRNA (Fig. S3B). The
absence of a PAIP2-specific effect on poly(A)-bound PABP dur-
ing translation termination is consistent with a previous report,
demonstrating that PAIP2 cannot interact with poly(A)-bound
PABP (15). We proposed that PAIP1 and PAIP2 are unable to
influence PABP during translation termination when the latter
isbound to mRNA. However, our findings revealed that in a cell
lysate, PAIPs suppress translation termination of only poly(A)-
containing mRNAs (Fig. 1C and Fig. S3B). These results sug-
gested that in the cell, the poly(A) tail on mRNA accumulates
PABP molecules in the immediate vicinity, thereby increasing
its local concentration in solution as a result of reaching
dynamic equilibrium. These PABP molecules might be in-
volved in binding to the eRF1-eRF3 complex in solution and
subsequent stimulation of translation termination at PTCs and
production of nonfunctional truncated peptides.

In summary, our data highlighted the roles of PAIP1 and
PAIP2 in translation termination and advanced the current
view on translational control in higher eukaryotes. Based on our
findings, we propose a model of PABP regulation during trans-
lation termination (Fig. 4). To prevent premature termination,
PAIP1 and PAIP2 bind the solution fraction of PABP via both
PAM1 and PAM2 motifs, which excludes it from interacting
with release-factor complexes (Fig. 4, B and C). Termination at
the PTC consequently becomes inefficient and can be sup-
pressed by readthrough via the activity of a suppressor, near-
cognate tRNAs, or induction of the nonsense-mediated decay
mechanism. By contrast, termination at native stop codons is
unaffected by PAIPs because of the proximity of poly(A) tails
bound with PABP via the closed-loop mRNA structure. Addi-
tionally, poly(A)-bound PABP might allow localization of eRF3
or the eRF3-eRF1 complex in the proximity of mRNA to
ensure rapid translation termination (Fig. 4, A and C). Similarly,
the binding of PAIP1 with eRF3 via the MIF4G domain might
also address the same problem (Fig. 4B).

We observed that the addition of PAIPs to cell lysate
increased PTC readthrough 2-fold, which was ~4% of all the
translation termination events (Fig. 1C). It means that 96% of
the synthesized protein at PTC-containing mRNA would be
truncated and inactive. However, even an additional small per-
centage of PTC readthrough is vital for cells. Several genetic
diseases lose their lethality because of increased PTC read-
through, and even 4% to 5% of the production of full-length
proteins can support the existence of an organism and offer an
evolutionary advantage. The main factor that determines the
efficiency of PTC readthrough concerns the minimum level of
deficient protein function that needs to be restored to achieve a
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Figure 4. Model of the effect of PAIP1 and PAIP2 on translation termina-
tion. A, stimulation of premature translation termination by the non-poly(A)-
bound form of PABP. B and C, PAIP1- and PAIP2-mediated suppression of
translation termination by the unbound form of PABP.

therapeutic improvement. This varies significantly for different
diseases. For example, 30 -35% of normal cystic fibrosis trans-
membrane conductance regulator activity is required for a
therapeutic improvement in cystic fibrosis, 20 -30% of normal
dystrophin function is required for attenuation of Duchenne
muscular dystrophy, and 0.4—1% of a-L-iduronidase enzyme
activity is required to alleviate mucopolysaccharidosis type I
(Hurler syndrome) (39).

Experimental procedures
PAIP1 and PAIP2 cloning and purification

Human PAIP1 ¢cDNA (corresponding to isoform 1 mRNA)
and PAIP2 cDNA were cloned into the pGEX-6p-1 vector (GE
Healthcare) between BamHI/Xhol sites. The resulting GST-
tagged proteins were expressed in Escherichia coli Rosetta cells
(Novagen, Madison, WI) after induction by 1 mm isopropyl
B-D-thiogalactopyranoside at 25°C overnight, followed by
purification using a GSH-Sepharose column (GE Healthcare)
and elution by either PreScission protease (GE Healthcare),
which cleaves a GST tag from the protein, or 5 mm GSH in
buffer comprising 50 mm Tris HCI (pH 7.0), 100 mm KCl, 10 mm
DTT, and 5% glycerol. Eluted proteins with or without GST tag
were then applied to a HiTrapQ column (GE Healthcare) and
purified by KCI gradient 100 -500 mm.
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mRNA transcription for luciferase assay

The pGEM-luc plasmid (Promega, Madison, W1I) contains a
short 5'-UTR (56 nt) and a firefly luciferase gene, followed by a
short 3'-UTR (60 nt). The pGEM-luc-STOP plasmid contains
the same gene with a PTC UGA instead of Ser-447 and encodes
a nonfunctional C-terminally truncated firefly luciferase gene
unless this PTC is readthrough. The transcription template was
obtained by PCR using a forward primer bearing the T7 pro-
moter sequence and a reverse primer complementary to the
3'-UTR, which either contained 50 thymine residues or did not.
PCR fragments were purified by agarose gel electrophoresis,
and transcription with T7 polymerase was performed accord-
ing to manufacturer protocol (Promega). mRNAs were purified
by precipitation in 2.5 M LiCl and capped using the Vaccinia
capping system (New England Biolabs).

Luciferase assay

The translation was performed in nuclease untreated Krebs-
2-ascites cytoplasmic extract, as previously described (35).
Translation mixture contained 20 mm HEPES-KOH (pH 7.0),
120 mm KOAc, 1.2 mm Mg(OAc),, 2 mm DTT, 0.5 mMm spermi-
dine, 1 mm ATP, 0.2 mm GTP, 0.03 mMm of each amino acid, 0.2
unit/ul RNase inhibitor, 0.5 mMm p-luciferin (Promega), 8 mm
creatine phosphate, and 50% nuclease-untreated Krebs-2 lysate
(S30). Reporter mRNA (0.15 pmol) and different amounts of
tested proteins (1.5 pmol of PABPC1, 2 pmol of PAIPI, or 0.5
pmol of PAIP2) were added to 10 ul of translation mixture,
and luminescence was measured at 30 °C using a Tecan Infi-
nite 200Pro (Tecan, Miannedorf, Switzerland). The transla-
tion rate was calculated as a derivative of the first linear
section of the luminescence curve (Fig. S1). PTC read-
through was calculated using the formula (translation rate of
the PTC-luc mRNA /translation rate of the luc mRNA) X
100%.

GST pulldown assay

GST-PAIP1 or GST-PAIP2 (40 pmol) were incubated with
40 pmol protein of interest in binding buffer containing 25 mm
Tris-HCI (pH 7.5), 100 mm KCl, 2.5 mm MgCl,, 2mmDTT, 0.25
mwm spermidine, and 0.2 mm GTP equilibrated with MgCl, at a
final volume of 20 ul. The reaction mixture was incubated for
10 min at 37 °C, followed by the addition of 20 ul of 50% GSH-
Sepharose (equilibrated with the same buffer) and incubation
for 5 min at 37 °C with shaking. After centrifugation, the super-
natant was removed, and the resin was washed three times with
500 wl and once with 20 ul of binding buffer without nucleo-
tides. Following the final wash, 15 ul of supernatant was used
for Western blotting analysis as a negative control. 1 ul of Pre-
Scission protease (GE Healthcare) diluted in 15 ul of binding
buffer was added to the resin for 10 min at 37 °C, after which 15
ul of supernatant was used for Western blotting analysis with
corresponding antibodies.

Magnetic bead pulldown assay

PAIP1, PAIP2, or eRF3a (30 pmol) were incubated with 30
pmol of PABP cross-linked to magnetic beads (Glyoxal-acti-
vated agarose-covered beads) in PBS buffer containing 1.8 mm
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KH,PO,, 10 mm Na,HPO,, 2.7 mm KCI, 137 mm NaCl with 5%
milk, 0.1% Triton X-100, 2.5 mm MgCl,, 2 mm DTT, 0.2 mm
GTP equilibrated with MgCl,, RNase A 5u at a final volume of
50 pl. The reaction mixture was incubated for 10 min at 37 °C
with gentle shaking. Using the magnetic rack, the beads were
collected, the supernatant was removed, and the beads were
washed three times with 500 ul of PBS + 0.5% Triton X-100.
The fourth wash was performed overnight. Following the final
wash, 10 ul of supernatant were used for Western blotting anal-
ysis as a negative control. The beads with interacting proteins
were resuspended in 10 ul of gel loading buffer and used for
Western blotting analysis with corresponding antibodies.

Pretermination complex assembly

The 40S and 60S ribosomal subunits, as well as eukaryotic
translation factors elF2, elF3, eEF1H, and eEF2, were purified
from a rabbit reticulocyte lysate, as previously described (17).
The human translation factors eIF1, elF1A, elF4A, eIF4B,
AelF4G, AelF5B, elF5, PABP, and eRF1 were produced as
recombinant proteins in E. coli strain BL21 with subsequent
protein purification on nickel-nitrilotriacetic acid—agarose
and ion-exchange chromatography (17). Human eRF3a was
expressed in insect cells Sf21 and purified by affinity chroma-
tography using a HisTrap HP column (GE Healthcare) followed
by anion-exchange chromatography using a MonoQ column
(GE Healthcare) (30).

mRNAs were transcribed by T7 RNA polymerase from
pET28-MVHL-UAA, pUC57-MVHC-poly(A) plasmids.
pET28-MVHL-UAA plasmid contains T7 promoter, four CAA
repeats, the B-globin 5'-UTR, ORF (encoding for the peptide
MVHL), followed by the stop codon UAA and a 3'-UTR com-
prising the rest of the natural B-globin coding sequence. For
run-off, transcription mRNA plasmids were linearized with
Xhol. The pUC57-MVHC-poly(A) plasmid contains T7 pro-
moter, four CAA repeats, the B-globin 5'-UTR, ORF (encoding
the peptide MVHC) followed by the stop codon UAA, the
B-globin 3'-UTR, and 50 adenine residues. For run-off, tran-
scription mRNA plasmids were linearized with EcoRI (30).

Either **S-labeled or unlabeled eukaryotic preTC on MVHL-
UAA mRNA were assembled and purified as previously
described (37). Briefly, initiation complexes were assembled in
a500-ul solution containing 37 pmol of MVHL-lessC mRNA or
MVHL-stop mRNA, 200 pmol of Met-tRNAiMet, or **S-la-
beled Met-tRNAiMet, 90 pmol of 40S and 60S ribosomal sub-
units, 200 pmol of eIF2, 90 pmol of eIF3, and 125 pmol of eIF4A,
AelFAG (p50), elF4B, elF1, elF1A, elF5, and AelF5B, respec-
tively, supplemented with buffer A (25 mm Tris-HCl, pH 7.5, 50
mMm KOAc, 2.5 mm MgCl,, 2mM DTT, 0.3 unit/ul RNase inhib-
itor, 1 mm ATP, 0.25 mMm spermidine, and 0.2 mm GTP). The
reaction mixture was maintained at 37 °C for 15 min to allow
ribosomal-mRNA complex formation. Peptide elongation was
performed by the addition of 200 pmol of total tRNA (acylated
with all or individual amino acids), 200 pmol of eEF1H, and 50
pmol of eEF2 to the initiation complex, followed by incubation
for another 15 min at 37 °C. The ribosomal complexes were
centrifuged in a Beckman SW55 rotor for 95 min at 4 °C and
50,000 rpm in a linear sucrose density gradient (10 -30%, w/w)
prepared in buffer A containing 5 mm MgCl,. Fractions corre-
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sponding to preTC complexes were detected by toe-printing
assay and by the presence of [**S]Met. The preTC fractions
were combined and diluted 3-fold with buffer A containing 1.25
mm MgCl, (to a final concentration of 2.5 mm Mg**) and used
in the peptide-release assay or for conformation-rearrange-
ment analysis. PreTC on MVHC-poly(A) was assembled in the
presence of 160 pmol of PABPC1 and purified as previously
described (30).

Peptide release assay

Radiolabeled preTCs (0.1 pmol), assembled on MVHL-UAA
mRNA, were incubated in 30 ul of the reaction mixture with 0.2
pmol of eRF3aand 0.2 pmol of eRF1, and 4 pmol of either PAIP1
or PAIP2, at 37 °C for 3 min. In the competition experiments,
complexes eRF1-eRF3a—protein of interest (containing 0.2
pmol of eRF3a and 0.2 pmol of eRF1, and 4 pmol of PAIP1,
PAIP2, PABPCI, or their combination) were preassembled at
37 °C for 1 min, followed by their addition to preTC along with
0.2 mm GTP and 0.2 mm MgCl, and incubation at 37 °C for 3
min. Ribosomes and tRNA were pelleted with ice-cold 5% TCA
and centrifuged at 14,000 X g at 4 °C. The amount of released
%>S-containing peptide was determined by scintillation count-
ing of supernatants using an Intertechnique SL-30 liquid scin-
tillation spectrometer (37).

Toe-printing assay

We dissolved 0.03 pmol of preTCs in 10 ul of reaction mix-
ture, assembled on MVHL-stop mRNA, and incubated with 0.6
pmol of eRF1 or eRF1(AGQ) mutant, 0.6 pmol of eRF3a or
eRF3c, and 4 pmol of proteins of interest or their combinations
(PAIP1, PAIP2, or PABPC1) at 37 °C for 10 min in the presence
of 0.2 mm GTP and supplemented with equimolar amounts of
MgCl,. In addition, 0.03 pmol of preTCs were added to 10 ul of
reaction mixture, assembled on MVHC-poly(A) mRNA in the
presence of PABP and incubated with 0.6 pmol of eRF1(AGQ)
mutant, 0.6 pmol of eRF3a or eRF3c, and 1 pmol of PAIP1 or
PAIP2 at 37 °C for 10 min in the presence of 0.2 mm GTP and
supplemented with equimolar amounts of MgCl,.

The samples were analyzed using a primer extension proto-
col. The toe-printing analysis was performed with avian myelo-
blastosis virus reverse transcriptase and 5'-6-carboxyfluores-
cein-labeled primers complementary to 3’-UTR sequences.
cDNAs were separated by electrophoresis using standard
GeneScan® conditions on an ABI Prism® Genetic Analyzer
3100 (Applera).

Conformational rearrangements corresponding to TC or
postTC formation were detected as a +2-nt shift at MVHL-
UAA mRNA) or a +1-nt shift at MVHC-poly(A) mRNA of
toe-print peaks, as previously described (30, 36 —38). Ribosomal
shift efficiency was calculated using the formula TC/(TC+
preTC). All data were normalized according to the ribosomal
shift efficiency calculated in control experiments.
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