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cerevisiae

SYLVAIN ROQUE," MARIE CERCIAT,"® ISABELLE GAUGUE,"* LILIANA MORA," AURELIE G. FLOCH,"*®
MIKLOS de ZAMAROCZY," VALERIE HEURGUE-HAMARD," and STEPHANIE KERVESTIN'?

?CNRS FRE3630 (affiliated with Université Paris Diderot, Sorbonne Paris Cité), Institut de Biologie Physico-Chimique, Paris 75005, France
2Metabolism and function of RNA in the nucleus, Institut Jacques Monod, CNRS UMR 7592, Université Paris Diderot, Sorbonne Paris Cité,
Paris 75013, France

ABSTRACT

Eukaryotic release factor 3 (eRF3) is implicated in translation termination and also interacts with the poly(A)-binding protein (PABP,
Pab1 in yeast), a major player in mRNA metabolism. Despite conservation of this interaction, its precise function remains elusive.
First, we showed experimentally that yeast eRF3 does not contain any obvious consensus PAM2 (PABP-interacting motif 2). Thus, in
yeast this association is different from the well described interaction between the metazoan factors. To gain insight into the exact
function of this interaction, we then analyzed the phenotypes resulting from deleting the respective binding domains. Deletion of the
Pab1 interaction domain on eRF3 did not affect general mRNA stability or nonsense-mediated mRNA decay (NMD) pathway and
induced a decrease in translational readthrough. Furthermore, combined deletions of the respective interacting domains on
eRF3 and on Pab1 were viable, did not affect Pab1 function in mRNA stability and harbored an antisuppression phenotype. Our
results show that in Saccharomyces cerevisiae the role of the Pab1 C-terminal domain in mRNA stability is independent of eRF3

and the association of these two factors negatively regulates translation termination.
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INTRODUCTION

The relationship between translation and decay is a key to un-
derstanding the fate of mRNAs and the regulation of gene
expression in a cell. In eukaryotes, the poly(A)-binding pro-
tein (PABP) binds to the poly(A) tail of mRNAs, and plays a
major role in mRNA metabolism (Mangus et al. 2003).
Among other partners, PABP interacts with eRF3 (eukaryotic
Release Factor 3) (Hoshino et al. 1999; Cosson et al. 2002),
which mediates translation termination with its partner
eRF1 (Zhouravleva et al. 1995). eRF3—PABP association oc-
curs in all eukaryotic organisms, and it has been proposed
to mediate efficient termination (Cosson et al. 2002), couple
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translation termination with mRNA decay (Funakoshi et al.
2007), and protect mRNA from NMD (nonsense-mediated
mRNA decay) degradation (Kervestin and Jacobson 2012).
However, the exact function remains elusive despite more
than a decade of investigation.

eRF3 (encoded by SUP35 in yeast) is a GTPase that stim-
ulates eRF1 activity and recycling (Salas-Marco and Bedwell
2004; Eyler et al. 2013). For clarity, we will subsequently refer
to Sup35 as eRF3. The GTPase motifs and the eRF1 binding
site are located in the conserved and essential C-terminal re-
gion (Ter-Avanesyan et al. 1993; Stansfield et al. 1995). The
N-terminal part which consists of two domains N and M
has been proposed to regulate termination positively (Cosson
et al. 2002) or negatively (Volkov et al. 2007), and inter-
acts with PABP (Hoshino et al. 1999). Purification of the
full-length human and yeast eRF3 proved challenging, thus
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Pab1-eRF3 negatively regulates translation termination

limiting all the in vitro systems on translation termination to
use a truncated version of eRF3 (eRF3-C), leaving the role of
eRF3-NM domain in termination an open question.

PABPs (Pabl in yeast) play a role in mRNA metabolism
by organizing a scaffold of proteins on the poly(A) tail.
Schematically, PABP contains four RNA binding domains
(RRM) implicated in poly(A)-binding and translation regu-
lation, followed by an unstructured proline-rich linker (L)
and then a C-terminal domain (PABC) (Mangus et al.
2003). To avoid confusing with the gene name for mamma-
lian cytoplasmic PAB1 (PABPC), this C-terminal part is also
called the MLLE domain, referring to a conserved motif. Sub-
sequently, we will use PABC/MLLE to address this domain
(Kozlov et al. 2010). PABC/MLLE binds to a conserved
PAM2 (PABP interaction motif) sequence (Kozlov et al.
2010) and utilizes the same interface for interacting with sev-
eral factors, including the deadenylation complexes and
eRF3. However, in yeast, sequence analysis did not identify
a PAM2 motif in eRF3 (Kozlov et al. 2002).

PABP controls deadenylation, the first step of mRNA deg-
radation (Garneau et al. 2007). It protects the mRNA from
degradation by coating the poly(A) tail and also regulates the
activity of the deadenylases complexes (Doidge et al. 2012;
Ezzeddine et al. 2012). However, it remains unsolved if the
regulation of poly(A) tail degradation by PABP involves a di-
rect role of eRF3 (Funakoshi et al. 2007; Simon and Seraphin
2007; Yao et al. 2007). Finally the interaction between eRF3—
PABP is also implicated in mRNA surveillance by the NMD
pathway. The mRNP composition downstream from the ter-
mination event is the main criterion that distinguishes normal
from premature stop codons. PABP plays a major role in
organizing the normal mRNP downstream from the stop co-
don, possibly mediated by eRF3 binding (Amrani et al. 2004).
However, we previously showed in vitro that Pabl—eRF3 in-
teraction is not the main determinant inhibiting NMD acti-
vation at a normal stop codon in yeast (Kervestin et al. 2012).

To better understand the function of Pabl—eRF3 interac-
tion in Saccharomyces cerevisiae, we first aimed at experimen-
tally defining eRF3 PAM?2 motif. Our data demonstrated that
Pabl-eRF3 interaction implicated broader regions of these
two factors than for the human complex. In yeast, Pabl L
and C domains, and eRF3 N and M domains are required.
Moreover, despite identifying phenylalanine positions that,
when mutated, affected Pab1 binding to eRF3 in the two-hy-
brid system, the two factors were still associated in vivo. Thus,
eRF3 does not contain a consensus PAM2 motif and inter-
acts with Pabl through an alternative molecular interface.
Deletion of the Pabl binding domain on eRF3 did not affect
mRNA stability of normal mRNA, in contrast to the recipro-
cal deletion of the Pab1-LC or C domain. Hence, the function
of the Pabl-LC domain in deadenylation is not linked to
eRF3. Further, none of eRF3 or Pabl deletions affected the
NMD pathway. Finally, deletions of the interacting domains
decreased translational readthrough, reflecting more efficient
termination. Our data indicate that eRF3—Pab1 interaction is

not involved in mRNA decay or mRNA surveillance. eRF3-
NM domain negatively regulates translation termination
through Pab1 binding and maintains a basal level of transla-
tional readthrough.

RESULTS

Characterization of Pab1 and eRF3 interaction
in the two-hybrid system

In order to generate mutations preventing eRF3 from inter-
acting with Pab1, we set up a two-hybrid approach to identify
the Pab1 binding site on eRF3.

The interaction between eRF3 full-length (FL) or domains
of eRF3 (1-253: NM domain, 1-123: N domain, 123-253: M
domain) and Pabl domains (405-577: LC domain, 476-577:
C domain) was analyzed in the two-hybrid system (Fig. 1A).
eRF3 exists in a prion state that causes the [PSI+] phenotype
(Serio and Lindquist 2001). This phenotype can be induced
by overexpressing the full-length or only the NM part of
eRF3, results in a translation termination defect and can af-
fect cell growth under certain conditions (Derkatch et al.
1998). Hence, the reporter strain (L40) was cured for the
[PSI+] phenotype to prevent any artifact. The results of the
two-hybrid analysis were analyzed by growth on selective me-
dium without histidine and in the presence of the 3AT com-
petitor (Fig. 1B). Binding of Pabl on eRF3 required both N
and M domains and could not be restricted to the N or the
M part, making it more challenging to identify a minimal re-
gion containing a PAM2 sequence (Fig. 1B). Moreover, the
Pabl-C domain alone did not interact with eRF3 and the
L domain was required, although the KITGMLLE motif
which binds PAM2 motif in human PABP is conserved (po-
sitions 529-536, KITGMILD) (Kozlov and Gehring 2010).

Next, we generated alanine substitutions in eRF3 to define
Pabl interacting positions. Phenylalanine residues play a ma-
jor role in PAM2-PABC/MLLE recognition (Siddiqui et al.
2007) so positions F92, F104, and F117 were targeted, and
also other positions conserved in an alignment of eRF3 se-
quences from yeast species (data not shown). Only mutations
of phenylalanine residues diminished eRF3 interaction with
Pabl (Fig. 1C) and the strongest decrease was observed for
substitution of the three phenylalanine residues altogether
in both the NM domain and the full-length factor (Fig. 1D).
Finally, we generated mutant strains containing the triple mu-
tation FFF 92-104-117 AAA (eRF3AAA) or lacking the entire
NM domain (eRF3ANM) at the genomic locus. eRF3AAA and
eRF3ANM strains were viable at 18°C, 30°C, and 37°C (Fig.
1E). In these strains, the level of Pabl and eRF3 analyzed by
Western blotting is not affected (data not shown).

Pab1 and eRF3 interacting domains in vivo
To explore the in vivo association of Pabl and eRF3, yeast

cells expressing wild-type eRF3, eRF3AAA, or eRF3ANM
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FIGURE 1. Interaction between Pab1 and eRF3 in the two-hybrid reporter system. (A) Schematic
representation of eRF3 and Pabl functional domains. The eRF3 GTPase motifs are represented by
striped boxes. Prion determinant and eRF1 interacting region are depicted. The asterisks indicate
the location of the three mutated phenylalanine residues. (B) Identification of the eRF3 interacting
domains with Pab1 in the two-hybrid reporter system. The fusion GAL4-AD-eRFI was used as a
negative control. The interaction was analyzed by scoring the growth on the appropriate medium
after 6 d at 30°C; (—) no growth in absence of 3AT, (—/+) no growth on 1 mM 3AT, (+) no growth
on 5 mM 3AT, (++) no growth on 10 mM 3AT, (++++) growth on 10 mM 3AT, (+++++) growth
on 20 mM 3AT. (C) Mutations of eRF3-NM domain. The indicated mutations were introduced
and the interaction with Pab1-LC domain was tested as described for B. (D) Mutation of phenyl-
alanine residues in alanine at position 92, 140, and 117 affects eRF3 interaction with Pabl.
Interaction of Pab1-LC domain with full length (FL) or the NM domain of eRF3 either wild-
type (WT) or harboring the triple mutation (AAA) was analyzed by serially diluting and spotting
the reporter strain expressing the different construction on selective medium containing 3AT
(right panel). Growth was scored after 5 d of growth at 30°C. (E) Growth phenotype of eRF3 mu-
tant strains. The indicated strains (SKY1085, SKY1081, and SKY1182) were grown overnight in
YPDA at 30°, serially diluted and spotted onto YPDA plate. Growth was scored after 3 d of growth
at 30°C and 37°C, and 4 d at 18°C.

were lysed and immunoprecipitated using antiserum to eRF3
(anti-eRF3) or nonspecific antiserum (ns-ab) (Fig. 2A,B). In
wild-type extracts, Pabl coimmunoprecipitated with eRF3
(Fig. 2A, lane 5) and this association was RNAse A resistant
(data not shown). For the triple mutant eRF3AAA, Pabl
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was still present in the immunoprecipita-
tion reaction (Fig. 2A, lane 4), whereas
deletion of the entire NM domain abol-
ished the Pabl association (Fig. 2A, lane
6). The absence of the Pab1-eRF3 inter-
action in eRF3ANM extracts could not
arise from destabilization of the release
factor because the truncated protein was
present in the extract (Fig. 2A, lane 3)
and the strain was viable (SUP35 encod-
ing eRF3 is an essential gene). Although
mutation FFF 92-104-117 AAA affected
Pab1—-eRF3 interaction in the two-hybrid
approach, the interaction was still main-
tained in vivo. Moreover, analysis of
mRNA stability, NMD activation, poly-
somes profile and termination efficiency
in eRF3AAA strain did not reveal any dif-
ference compared with the wild type
(Supplemental Fig. S1). These results
suggest that phenylalanine residues are
implicated in mediating Pabl—eRF3 in-
teraction but in contrast to human, they
are not essential. These data were con-
firmed in vitro using purified factors
(Supplemental Fig. S2). Association of
eRF3 with Pab1l was also analyzed by im-
munoprecipitation in mutant strains
lacking the Pabl-C domain (pabIAC)
or both the linker and the C domain
(pablALC) at the PABI locus. eRF3 was
still associated with PablAC (Fig. 2B,
lane 6) and only deletion of both the
Pabl-L and -C domains abolished Pabl
binding to eRF3 (Fig. 2B, lane 4), con-
firming that the linker domain of Pabl
is essential for eRF3 binding.

Next, we investigated the phenotypes
resulting from combining deletions of
Pabl and eRF3 reciprocal binding do-
mains, by crossing eRF3ANM with
pabIALC or pablAC strains. Deletion of
the eRF3-NM domain in mutant strains
where Pab1-LC or -C domains are absent
yielded viable cells (Fig. 2C). The double
mutants did not show a defect in cell
growth compared with the single mu-
tants. As previously published (Simon
and Seraphin 2007) pablALC cells grew
slowly and were temperature sensitive

(Fig. 2C, upper panel). The presence of the eRF3ANM allele
in pabl ALC mutant slightly increased cell growth compared
with the single pabl ALC mutant and yet, the strain was still
temperature sensitive. This indicates that deletion of the
eRF3-NM domain partially reverts the pablALC growth
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FIGURE 2. Interactions in strains deleted for various domains of Pabl
and eRF3. (A,B) Coimmunoprecipitation assays on yeast extracts from
strains SKY1085, SKY1081, and SKY1182 expressing various versions
of eRF3 as indicated in A; and BSY1552, BSY1537, and W303-1B express-
ing various versions of Pab1 as indicated in B using anti-eRF3 polyserum
(IP anti-eRF3) or nonspecific anti-serum (IP ns-ab) as a negative control.
Positions of the different forms of Pabl and eRF3 are indicated. Aliquots
of extract were analyzed (Input) and represent 1/80 of the quantity load-
ed in the IP lanes. The star indicates the position of residual signal from
IgG. (C) Growth phenotype of the following strains: SKY1263, SKY1264,
SKY1265, SKY1266 (upper panel); SKY1317, SKY1318, SKY1319,
SKY1320 (lower panel) resulting from crossing strains eRF3ANM
(SKY1182) with pablALC (BSY1552) or pabIAC (BSY1537), and isolat-
ed from representative tetrads. Serial dilutions of overnight liquid cul-
tures were deposited on YPDA plates and their growth was scored after
3 d of growth for 30°C and 37°C, and 4 d for 18°C.

defect. This observation is puzzling because PablALC alone
has lost its ability to interact with eRF3. For the double mutant
pabl AC with eRF3ANM, the cell growth was equivalent to the
wild-type strain while the two factors did not interact (Fig. 2C,
lower panel). These data demonstrate that the combination of
both deletions is viable, and this association is not essential.

Disrupting the interaction of Pab1 with eRF3 did not
affect mRNA stability or NMD

The interaction of Pabl and eRF3 is proposed to couple the
end of translation to mRNA decay and thus influence

mRNA stability (Kobayashi et al. 2004; Funakoshi et al.
2007). Hence, we analyzed mRNA half-life in transcriptional
chase experiments using a reporter PGKIpG mRNA under
the control of a repressible promoter (tetO-driven promoter)
(Simon and Seraphin 2007). In the mutant strain eRF3ANM,
the PGKIpG half-life was roughly the same as for the wild-
type cells, ~14 min (Fig. 3A). To confirm this observation for
endogenous mRNA, the drug thiolutin was used to inhibit
transcription by RNA polymerase II. In wild-type cells, the
half-life of TIF51a mRNA was measured to be ~11 min
(Supplemental Fig. S3), which was slightly shorter than the
previously reported (Sinturel et al. 2012). The absence of
the eRF3-NM domain did not affect the half-life of this
mRNA (12.8 min). All these data indicate that the eRF3-
NM domain does not influence mRNA stability.

Northern blot analysis of PGK1pG mRNA after transcrip-
tional shut off in mutant strains pabI ALC or pabl AC showed
mRNA stabilization reflected by an increase in PGKIpG
mRNA half-life (Fig. 3; Supplemental Fig. S3). This confirms
the role of Pab1-LC/C domain in regulating mRNA stability
(Simon and Seraphin 2007). Combining the eRF3ANM dele-
tion in pablAC strain did not affect the mRNA stability ob-
served for the single mutant (Fig. 3A), suggesting that this
phenotype was independent of eRF3. As previously observed,
the strain pabl ALC harbored a more severe increase of mRNA
half-life (35.3 min for the mutant compared with 14.25 min
for the WT) (Fig. 3A; Simon and Seraphin 2007). Combining
pabIALC with eRF3ANM led to an intermediate phenotype
that could be linked to the cell growth phenotype of the dou-
ble mutant (Fig. 3; Supplemental Fig. S3).

All these data indicate that deletion of eRF3-NM domain
does not directly affect mRNA half-life and that the eRF3-
Pabl1 interaction is not implicated in mRNA stability. How-
ever, the role of the Pabl-LC/C domain in promoting
mRNA decay is confirmed, and our data strongly suggest
that this feature is independent of eRF3.

The distance between Pab1 and the termination event is a
major determinant of NMD activation (Amrani et al. 2004;
Kervestin and Jacobson 2012). Therefore, we analyzed
mRNA decay by the NMD pathway by monitoring the levels
of the CYH2 pre-mRNA, a well described NMD substrate
(He et al. 1993). Deleting the eRF3-NM domain, the Pabl-
LC or C domains or both did not affect CYH2 pre-mRNA
levels (Fig. 3B). In contrast, deletion of the NMD genes
UPF1 or UPF2 led to the stabilization of the pre-mRNA.
This result indicates that the absence of interaction between
eRF3 and Pabl does not affect the NMD pathway.

The lack of interaction between eRF3 and Pab1
impacts translation termination

The main function of eRF3 is to mediate translation termina-
tion in association with eRFI1. Although the eRF3-NM
domain is not strictly required for translation termination, we
analyzed translational readthrough using reporter plasmid
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FIGURE 3. mRNA stability and NMD analysis. (A) Northern blot analysis of total RNA extracted from the following strains SKY1085, SKY1182
(upper panel), BSY1537, SKY1247 (central panel), BSY1552, SKY1263 (lower panel) at the indicated times after inhibition of transcription. The blots
were probed to detect the reporter PGK1-pG mRNA and the noncoding SCRI transcript that serves as a control. The same results were obtained for
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the PGKIpG mRNA half-life. (B) Northern blot analysis of total RNA isolated from the following strains: W303-1B (lanes I,7), HFY870,
HFY1300, SKY1085, SKY 1182, SKY1265, BSY1552, SKY1259, SKY1263, SKY1182 (lanes 4,12), SKY1266, SKY1247, SKY1248, BSY1537. Signals cor-

responding to CYH2 mRNA and pre-mRNA are indicated.

encoding dual luciferases (renilla followed by firefly) separat-
ed by a stop codon, or a sense codon as a control (Keeling
et al. 2004). Briefly, the activity of the firefly luciferase was
quantified and normalized to the activity of the renilla lucif-
erase and 100% of readthrough corresponded to the sense co-
don control. Translational readthrough was analyzed in the
strains obtained by crossing eRF3ANM with pabIALC or
pabIAC, cured for the [PSI+] phenotype and in the presence
of a mutant tRNA suppressor of UAA codon. This latter fea-
ture was required to increase the signal in wild-type cells and

128 RNA, Vol. 21, No. 1

facilitate the detection of the readthrough levels in the mu-
tants (Supplemental Fig. S4). Deletion of eRF3-NM as well
as Pab1-LC domains led to almost a twofold decrease of read-
through and this effect is more pronounced on the mutant
strain containing both deletion (Fig. 4A). Translational read-
through was not significantly affected for the pabIAC strain
that still retains Pabl—eRF3 interaction, and the double mu-
tant pablAC, eRF3ANM harbored the same translational
readthrough level as the eRF3ANM mutant alone (Fig. 4A).
These results were confirmed in vivo by streaking the cells
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readthrough. Reciprocal deletion of the
Pab1-LC domain exhibited similar phe-
notypes (Fig. 4A,B) which are enhanced
when the two mutations are combined.
Growth on selective medium was ob-
served for the mutant strain pablAC,
and not when combined to deletion
of eRF3-NM domain, confirming that
antisuppression phenotype is dependent
on eRF3-Pabl interaction (Fig. 4B).
These data are in agreement with the pre-
vious report on the negative role of the
eRF3-NM domain in translation termi-
nation (Volkov et al. 2007) and show
that this effect is mediated through Pabl
interaction.

To exclude that these results were
linked to a more general role of eRF3—
Pabl in translation, we analyzed the
polysome profiles of these strains by suc-
rose gradient ultracentrifugation. Pro-
files obtained for the strains eRF3ANM,
pabIAC, and the double mutant
eRF3ANM, pablAC were identical to
the wild-type (Fig. 4C). Deletion of the
Pab1-LC domain led to a weak but repro-
ducible decrease of the 80S level, decrease
in the 60S large subunit level and the
formation of stalled preinitiation com-
plexes (halfmers) (Helser et al. 1981).
These defects and more specifically the
presence of the halfmers were partial-
ly suppressed by deletion of eRF3-NM
domain. More specifically, the ratio
60S:40S is not back to the wild-type level
indicating that translation is still af-
fected, a defect likely linked to the dele-
tion of Pab1l-LC domain independently
of eRF3 interaction. It is noteworthy
that deletion of eRF3-NM domain in
the pabIALC strain partially reverted
the defects on cell growth, mRNA stabil-
ity and polysomes profiles but did not af-
fect translation termination phenotype.
Overall, these results indicate that the
eRF3-NM domain, and thus the Pabl—
eRF3 interaction, did not affect general

on medium without adenine to monitor suppression of the  translation and were specifically implicated in translation

UAA nonsense codon in the ade2-1 gene present in the back-  termination.
ground of our strains. Introduction of the suppressor-tRNA
in wild-type cells allowed growth on selective medium

(=Ade). In contrast, the mutant strain deleted for eRF3- DISCUSSION

NM domain failed to grow indicating an antisuppressor phe- The poly(A)-binding protein Pab1 and the translation termi-
notype (Fig. 4B). Overall, this set of experiments indicates =~ nation factor eRF3 were shown to interact more than a dec-
that deletion of the eRF3-NM domain decreases translational ade ago (Hoshino et al. 1999), but the role of this association
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remains under investigation. Herein, we have studied the bi-
ological functions of eRF3-Pabl interaction in yeast where
this association is prevented by deletion of their respective in-
teraction domains. Our results demonstrate that this interac-
tion is implicated in fine tuning of translation termination
and not needed in vivo to stimulate mRNA decay.

The PABC/MLLE domain binds several regulatory pro-
teins and translation factors by recognizing a conserved short
sequence, PAM2. This motif is found in PABP partners in
different organisms except in yeast. Of the three factors that
interact with Pab1-C-terminal domain in yeast; eRF3, Pan3,
and Pbpl, only Pan3 contains a PAM2 motif (Mangus et al.
1998; Siddiqui et al. 2007; Kozlov et al. 2010). Structures of
PABC/MLLE have been obtained and the one from yeast is
divergent (Kozlov et al. 2002). Our results confirm that the
determinants of Pabl recognition on eRF3 in yeast are differ-
ent from the well described PABC/MLLE-PAM? interactions
in human (Kozlov and Gehring 2010). First, Pabl binding
domain on eRF3 could not be restricted to the N or the M
domain and reciprocally, both domains L and C of Pabl
were required for eRF3 interaction. Thus, eRF3-Pabl inter-
action requires broader binding domains than in human
and involves mainly the linker (L) domain of Pabl (Fig. 1;
Mangus et al. 2004). Second, mutation of three conserved
phenylalanine residues in the eRF3-NM domain affected
Pab1 binding to eRF3 in yeast two-hybrid (Fig. 1) and in in
vitro pull-down experiments (Supplemental Fig. S2), but
failed to inhibit the association in vivo (Fig. 2). Thus, the phe-
nylalanine residues are implicated in mediating Pabl—-eRF3
interaction, but in contrast to human they are not essential.
Interestingly, Pab1-L domain is also implicated in the inter-
action of Pabl with Pbpl and Pan3 (Mangus et al. 1998,
2004; Siddiqui et al. 2007). Mutation of conserved phenylal-
anine positions in the PAM2 motif identified in Pan3 weak-
ened Pabl-Pan3 interaction without abolishing it (Siddiqui
etal. 2007). Thus, the use in yeast of an alternative molecular
interface from MLLE-PAM?2 could be a general observation.

Hence, eRF3 does not contain a canonical PAM2 motif,
which precludes the identification of specific residues that
fully inhibit Pabl—eRF3 interaction when mutated. There-
fore, to study eRF3—Pabl1 interaction, we focused on the phe-
notypes of strains expressing a truncated version of eRF3
(eRF3ANM) or Pabl (pablALC) that have lost their ability
to interact with one another. Analysis of mRNA stability in
strains where the Pabl binding domain on eRF3 was deleted
showed that mRNA stability was not affected (Fig. 3). This in-
dicates that, in yeast, loss of the Pabl-eRF3 interaction does
not affect the general stability of mRNAs. However, in
pabIALC and pabIAC strains, the mRNAs were stabilized.
Thus, the Pab1-LC/C domain influences mRNA decay inde-
pendently of eRF3. Our results contradict previous published
work showing that eRF3 regulates mRNA stability through
PABP binding in yeast and humans (Funakoshi et al.
2007). Our conclusions only apply to yeast and we do not ex-
clude that the role of the Pabl—eRF3 interaction in mRNA
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decay is different in humans. In contrast to yeast, there is a
physical interaction between PABP and the deadenylation
complex CCR4/NOT through the TOB factor (Funakoshi
etal. 2007). The deadenylation complex PAN2-PAN3 which
binds PABC/MLLE is implicated in the first distributive steps
of cytoplasmic deadenylation whereas in yeast its role in
mRNA cytoplasmic decay is not clarified (Wolf and
Passmore 2014). The original approach based on overexpres-
sion of the eRF3-NM domain to inhibit Pabl—-eRF3 interac-
tion could not be reproduced in our hands as overexpression
strongly affected cell growth, most likely due to the induction
of the [PSI+] phenotype. However, our results clearly show
that deleting the eRF3-NM domain does not affect mRNA
stability. Hence, our work supports the notion that in yeast
the Pab1-LC domain is implicated in mRNA stability inde-
pendently from eRF3, probably by modulating Pab1 packing
on the poly(A) tail to control the accessibility of the deadeny-
lases (Simon and Seraphin 2007; Yao et al. 2007).

At a premature stop codon, translation termination is ab-
errant and, in the presence of the Upf factors, activates
mRNA decay by the NMD pathway (for review, see Kervestin
and Jacobson 2012; Mithlemann and Jensen 2012). When
tethered downstream from a premature termination codon,
Pabl is able to protect mRNA from NMD degradation
(Amrani et al. 2004; Behm-Ansmant et al. 2007; Eberle
et al. 2008; Singh et al. 2008). Previously we have shown
that activation of NMD is not based on a simple competition
between Pabl and Upfl for eRF3 binding (Kervestin et al.
2012). Here, we show that NMD is still active in all the mu-
tant strains, thus eRF3-Pab1 is not required for this surveil-
lance pathway (Fig. 3B). This result is in agreement with
previous data showing that the absence of Pabl does not in-
hibit NMD (Meaux et al. 2008). Further, preventing Pabl
binding to eRF3 did not destabilize normal mRNA nor
decrease translation termination efficiency. Thus, the absence
of Pab1—eRF3 interaction is not the determinant that activates
NMD at a termination event. Moreover, deletion of the Pabl
and eRF3 interaction domains actually led to a more efficient
termination in our reporter system (Fig. 4). This suggests that
the efficiency of translation termination per se (stop codon
recognition followed by peptidyl release) is not the trigger
of the NMD pathway. Abnormal termination at a premature
stop codon could reflect a poorly dissociable post-termina-
tion mRNP complex, a defect prevented by Pabl at normal
termination codons (Kervestin and Jacobson 2012).

The role of eRF3-NM domain and Pab1 binding in termi-
nation is still elusive because purification of full-length hu-
man and yeast eRF3 proved challenging, thus forcing use of
a truncated version of eRF3 (eRF3-C) in all the in vitro sys-
tems on translation termination. Analysis of translation ter-
mination in mutant strains deleted for Pabl and eRF3
interaction domains showed a decrease in translational read-
through (Fig. 4). These data are in agreement with a previous
report on the negative role of the eRF3-NM domain in trans-
lation termination (Volkov et al. 2007). This phenotype was
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specific for Pabl—eRF3 interaction because this decrease was
observed for eRF3ANM, pabl ALC, pabl ALC/eRF3ANM, and
pablAC/eRF3ANM mutant strains but not for the pabIAC
strain that still retained Pabl—eRF3 interaction. These data
confirm a role for the eRF3-Pabl interaction in translation
termination, and this association negatively affects the termi-
nation process. The double mutant eRF3ANM, pabIALC
showed a slight but significant higher decrease in translation-
al readthrough suggesting that Pabl and eRF3 could act in
translation termination not solely through their association,
possibly by titrating a common factor yet to identify. Interest-
ingly, a role of Pabl in efficient translation termination has
been previously published, based on a decrease of transla-
tional readthrough when Pabl is overexpressed (Cosson
et al. 2002). We reproduced these initial data and confirmed
that Pabl overexpression also slowed cell growth (Supple-
mental Fig. S5). This indicates that PablALC and eRF3ANM
do not promote a better termination by relieving a titration of
eRF3 by Pabl. Because Pabl can oligomerize (Kuhn and
Pieler 1996; Melo et al. 2003), overexpression of Pabl must
promote Pabl polymerization and association on the poly
(A) tail, a phenotype also shared by the pabIALC strain,
thus inhibiting interaction with eRF3 (Simon and Seraphin
2007; Yao et al. 2007). Overall, our data indicate that trans-
lation termination in wild-type cells is not at its maximal
efficiency, possibly to tolerate recoding events implicating
readthrough of a stop codon (Namy et al. 2004; Dunn et al.
2013). Pabl interaction with eRF3 appears to play a role in
maintaining this basal level of translational readthrough.

How does the Pabl—eRF3 interaction negatively regulate
translation termination? First, Pabl can affect eRF1—-eRF3
interaction. However, in vitro binding data showed that
eRF1 binding is more efficient to eRF3 full-length than
eRF3ANM (Supplemental Fig. S2). Hence, our data do not
support this hypothesis although a more formal conclusion
requires a deeper quantitative analysis. Second, Pabl could
influence eRF3 GTPase activity, which is required for effi-
cient polypeptide release (Frolova et al. 1996). The in vitro
role of Pabl in termination or eRF3 GTPase assays has never
been analyzed due to the challenge of purifying full-length
eRF3. Therefore, this remains an unexplored possibility.
Finally, Pabl—eRF3 can influence post-termination events
such as the recycling of the termination complex (Becker
etal. 2012). The role of Pab1 in recycling has never been ad-
dressed. However, its implication in the NMD pathway and
the link between NMD and ribosome recycling suggests
that Pab1 can influence eRF3 association with the ribosome
and thus the recycling as well as the termination process.

In conclusion, this study presents an analysis of the pheno-
types induced by the lack of Pabl—eRF3 interaction in yeast.
The data confirmed the role of the Pab1-C-terminal domain
on mRNA stability, and demonstrated that this function is
independent of eRF3. Moreover, this work revealed that the
role of Pabl-eRF3 binding is not in regulation of deadenyla-
tion, but rather in fine tuning of translation termination.

Future in vitro analyses will be required to understand how
Pab1 influences the termination process.

MATERIALS AND METHODS

Yeast strains and growth conditions

Yeast cells were grown in standard YEPD medium supplemented
with adenine 0.02 mg/mL (YPDA medium) or HC medium
(Amberg et al. 2005). All the strains derived from W303-1B or
BMAG64 background and the genotypes are listed in Supplemental
Table SI. Strains SKY1081, 1085, and 1182 were obtained by using
the one-step gene-replacement method with PCR fragments result-
ing from amplifying the DNA fragment containing eRF3 sequences
fused to HIS3MX6 from S. pombe with oligonucleotides SKO92 and
SKO145 (sequences in Supplemental Table S2). DNA fragments
containing (i) the eRF3 sequences were obtained by amplifying plas-
mids SKP239, SKP327, and SKP221 (plasmid description in Supple-
mental Table S3) using oligonucleotides SKO86 and SKO87, (ii) the
HIS3MX6 sequence was obtained by PCR amplification using
SKO144 and SKO145 oligonucleotides on the plasmid pYM15
from EUROSCARE. Strains SKY1259, 1263-1266 were obtained
by crossing SKY1182 and BSY1552 following by tetrad dissection,
strains SKY1247-1248 and SKY1317-1320 by crossing SKY1182
and BSY1537, and strains SKY1289-1290 by crossing SKY1081
and BSY1552. The strains SKY1247-1248, SKY1259/SKY1263,
SKY1264/SKY1289/SKY1319 and SKY1266/SKY1318 have the
same genotype and were isolated from different tetrads. When re-
quired, the [PSI+] phenotype was cured by streaking the strains
three consecutive times on YPDA medium containing 5 mM guani-
dinium chloride GuHCI (Eaglestone et al. 2000). Mating, sporula-
tion, and tetrad dissection were performed as described (Amberg
et al. 2005).

Plasmid constructions

Standard cloning procedures were used. Unless indicated, genomic
DNA extracted from the W303-1B strain was used as the template
for PCR amplifications. The plasmids are described in Supplemental
Table S3. The plasmids SKP239, SKP327, and SKP221 were derived
from pRS313, and contain the eRF3 promoter, coding, and termina-
tor sequences amplified by PCR and inserted at Xbal and Xhol clon-
ing sites. For SKP239, the eRF3 genomic region was amplified using
oligonucleotides SKO86—-SKO87. SKP327 was derived from SKP239
after directed mutagenesis to introduce the F92A, F104A, and F117A
mutations. For SKP221, the DNA fragment was obtained by fusion
PCR using oligonucleotides SKO86 and SKO87 on a DNA matrix
containing (i) the eRF3 promoter sequence amplified by PCR with
oligonucleotides SKO86-SKO53, (ii) the eRF3-C coding sequence
followed by the terminator sequence amplified by PCR with oligo-
nucleotides SKO56-SKO87. The plasmids used for the two-hybrid
assay were derived from pBTM116 (a gift from Benoit Palancade)
and pACTII (a gift from P. Lesage) and contain the LexA-binding
domain (BD) and the GAL4-activation domain (AD), respectively
(Van Criekinge and Beyaert 1999). SKP190 and SKP196 contained
fragments of PABI obtained by PCR amplification with oligonucle-
otides SKO73-SKO77 and SKO75-SKO77, respectively, and insert-
ed at BamHI and Pstl sites of pBTM116. The plasmids SKP86,
SKP116, SKP275, SKP278 contained the eRF3 coding sequence for
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the full-length factor, the NM, the N, and the M domains, respec-
tively, inserted in EcoRI-Xhol (SKP86, SKP116) or BamHI, Xhol
(SKP275, SKP278) of pACTII. The DNA fragments were obtained
by PCR amplification between oligonucleotides SKO1-SKO2,
SKO1-SKO21, SKO9-SKO126, and SKO21-SKO112, respectively.
LMP241 and LMP272 were derived from SKP116 and SKP86, re-
spectively, after direct mutagenesis. SKP418 contained PGK1pG un-
der the control of a terO-regulated promoter. The coding sequences
derived from pBS2813 (Simon and Seraphin 2007) after digestion by
Notl, BamHI, and Apal and insertion in the NotI-Apal sites of
pRS425. The plasmid containing the mutated tRNA suppressor of
UAA stop codon with a LEU2 selection marker is a generous gift
from 1. Stansfield. Mutagenesis was performed with the Quick
change mutagenesis protocol (Stratagen).

Two-hybrid analysis

The reporter strain (SKY1001) was transformed with plasmids con-
taining the indicated regions of Pabl and eRF3 (FL stands for full
length) fused with the LexA-binding domain (BD) and GAL4-acti-
vation (AD) domain, respectively. Expression of all the different
constructions was confirmed by Western blotting. Aliquots corre-
sponding to Agy = 0.04 after overnight culture were spotted onto
the appropriate medium lacking tryptophan and leucine for plas-
mids selection, lacking histidine and in the presence of increasing
concentration of 3-amino-1,2,4-triazole (+3AT). Interaction was
scored after 6 d at 30°C.

Immunoprecipitation

Log-phase cultures were harvested and the pellet was washed and re-
suspended in IP buffer (10 mM Tris—=HCI pH 7.4, 30 mM MgCl,,
100 mM NaCl, 0.01% Triton, 0.1 mM DTT, 1 mM EDTA, Roche
protease inhibitors). Lysates were cleared by centrifugation.
Antibodies raised against Pabl or eRF3 C-terminal domain
(Agrobio) were conjugated to protein A-Sepharose resin from GE
by incubation overnight at 4°C in buffer (1% NP40, 10 mM Tris—
HCI pH 7.5, 100 mM NaCl) followed by covalent linkage using
1% glutaraldehyde in buffer (2 mM EDTA, 1 M NaCl) 1 h at 4°C.
Extracts were diluted in IP buffer to reach 2 mg/mL of total protein.
One milliliter of extract per reaction was incubated with the resin O/
N at 4°C. Total protein and immunoprecipitation reactions were
separated by 8% SDS-PAGE followed by Western blotting using
standard procedures.

RNA analysis

All strains were grown to log phase in YPDA medium at 30°C.
Inhibition of transcription of the reporter gene PGKIpG, RNA
isolation, and Northern blotting procedures were performed
as described previously (Simon and Seraphin 2007; He et al
2008). For the mRNA stability analysis, the blots were probed
with *?P-labeled oligonucleotides “pG” to detect PGKI1pG mRNA
and “SCR1” (sequences available in Supplemental Table S2). For
steady-state analysis, the blot was probe for CYH2 transcript using
randomly labeled DNA fragment as described in He et al. (2008).
Signals were measured and quantified using a Typhoon Trio (GE
Healthcare).
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Dual-luciferase assays

Readthrough assays were performed using the dual-luciferase re-
porter assay system (Promega) and a XS3 LB960 Bertholds lumin-
ometer. Aliquots of log-phase cultures in the appropriate medium
were lysed according to the manufacturer’s protocol. Ten microli-
ters of lysis extract was incubated with 50 uL of LARII reagent, fol-
lowed by shaking for 2 sec and measurement of the firefly luciferase
activity for 10 sec. Then 50 pL of STOP and GLO buffer were added,
shake for 2 sec and Renilla luciferase activity was measured for 10
sec. Each experiment was performed using eight technical dupli-
cates. Each individual culture was assayed several times, and the val-
ues were derived from at least three independent experiments.

Polysome profile analysis

Cycloheximide was added to a final concentration of 50 ug/mL to
150 mL of log-phase culture in rich medium (YPDA). Cells were
harvested by centrifugation 5 min at 3500 rpm at 4°C, washed and
resuspended to a final volume of 500 pL in lysis buffer (20 mM
Tris—HCl pH7.4, 5 mM MgCl,, 20 mM KCl, 1 mM DTT) containing
protease inhibitors without EDTA from Roche. Cells lysis was per-
formed using glass beads and vortexing, and the lysate was cleared by
two subsequent centrifugations at 16,000¢, 5 min at 4°C. Absor-
bance was measured at 260 nm and the volume corresponding to
12 OD was fractionated by ultracentrifugation on a sucrose gradient
(10%-50%) in a buffer containing 50 mM Tris—HCI pH 7.4, 12 mM
MgCl,, 50 mM NH,CI, and 1 mM dithiothreitol (DTT) for 2 h 45
min at 39,000 rpm and 4°C (SW41 rotor). The fractions were recov-
ered with an ISCO fractionator, and the absorbance at 254 nm was
measured.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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