Mammalian poly(A)-binding protein is
a eukaryotic translation initiation tactor,
which acts via multiple mechanisms
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Translation initiation is a multistep process involving several canonical translation factors, which assemble at
the 5’-end of the mRNA to promote the recruitment of the ribosome. Although the 3’ poly(A) tail of
eukaryotic mRNAs and its major bound protein, the poly(A)-binding protein (PABP), have been studied
extensively, their mechanism of action in translation is not well understood and is confounded by differences
between in vivo and in vitro systems. Here, we provide direct evidence for the involvement of PABP in key
steps of the translation initiation pathway. Using a new technique to deplete PABP from mammalian cell
extracts, we show that extracts lacking PABP exhibit dramatically reduced rates of translation, reduced
efficiency of 48S and 80S ribosome initiation complex formation, and impaired interaction of eIFAE with the
mRNA cap structure. Supplementing PABP-depleted extracts with wild-type PABP completely rectified these
deficiencies, whereas a mutant of PABP, M161A, which is incapable of interacting with eIF4G, failed to
restore translation. In addition, a stronger inhibition (approximately twofold) of 80S as compared to 48S
ribosome complex formation (~65% vs. ~35%, respectively) by PABP depletion suggests that PABP plays a
direct role in 60S subunit joining. PABP can thus be considered a canonical translation initiation factor,
integral to initiation complex formation at the 5’-end of mRNA.
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Initiation is the rate-limiting step in translation and is
therefore a prime target for control. The initiation step
consists of an ordered multistage process involving
many translation factors and adapter proteins, which fa-
cilitate the recruitment of the ribosome to the mRNA
(for review, see Gingras et al. 1999; Hershey and Merrick
2000). All eukaryotic mRNAs of nuclear origin possess a
5'-cap structure, and most contain a poly(A) tail (50-300
nucleotides [nt] in length). These structures are critical
for efficient mRNA translation and are specifically rec-
ognized by proteins. The cap structure serves to recruit
elF4F, a multisubunit protein complex consisting of
elF4E, elF4A, and elF4G. elF4E interacts directly with
the cap structure. elF4A is an ATP-dependent RNA he-
licase, which is thought to unwind secondary structure
in the 5’-untranslated region of the mRNA. mRNA un-
winding is markedly stimulated by an RNA-binding ini-
tiation factor, eIF4B. eIF4G is a large modular scaffolding
protein, which contains binding sites for eIF4E, elF4A,
and elF3, a protein that interacts directly with the small
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(40S) ribosomal subunit (for reviews, see Gingras et al.
1999; Hershey and Merrick 2000). elF4G also interacts
with the poly(A)-binding protein (PABP) in mammals,
plants, and yeast (Tarun and Sachs 1996; Le et al. 1997;
Imataka et al. 1998). PABP is a highly conserved protein,
many copies of which cover the length of the poly(A) tail
of the mRNA (for reviews, see Sachs 2000; Kahvejian et
al. 2001; Mangus et al. 2003). It is a 636-amino acid pro-
tein that contains four RNA recognition motifs (RRMs),
and a proline-rich C-terminal domain responsible for sev-
eral protein—protein interactions. PABP is involved in mul-
tiple functions in the cell ranging from mRNA biogenesis
to mRNA stabilization and translation (Gray et al. 2000;
Grosset et al. 2000; Copeland and Wormington 2001).
The cap and poly(A) tail synergistically enhance trans-
lation of an mRNA in several systems derived from vari-
ous species (Gallie 1991, 1998; Michel et al. 2000). The
elF4G/PABP interaction, which brings about the circu-
larization of the mRNA, was suggested to stimulate
translation (Sachs 2000; Wakiyama et al. 2000). Expres-
sion of an e[F4GI mutant defective in PABP binding in
Xenopus oocytes reduces translation of polyadenylated
mRNA and dramatically inhibits progesterone-induced
maturation, underscoring the biological importance of
the PABP/eIF4G interaction (Wakiyama et al. 2000).
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There are several possible mechanisms to explain how
the PABP/elF4G interaction stimulates translation: (1)
promoting ribosome recycling; (2) stimulating 60S ribo-
some joining; and (3) increasing the affinity of eIF4F for
the cap (i.e., 40S ribosome recruitment). Evidence con-
sistent with the different mechanisms was derived
chiefly from genetic and biochemical experiments in
yeast (Sachs and Davis 1989; Tarun and Sachs 1995; Otero
et al. 1999; Searfoss et al. 2001), and also from experiments
in wheat germ extract (Le et al. 1997; Bi and Goss 2000).

Examples of mRNA circularization abound, attesting
to its functional importance. The mRNAs of rotaviruses
are capped but not polyadenylated, yet the virus has
evolved a unique mechanism to achieve circularization.
The viral Non-Structural Protein 3 (NSP3) circularizes
the mRNA by simultaneously interacting with a specific
sequence (UGACC) in the 3’-UTR and with eIF4G (Pon-
cet et al. 1993; Piron et al. 1998). Recently, X-ray crys-
tallographic studies solved the 3D structure of the NSP3/
elF4G interaction domain, and by extrapolation pointed
to the amino acids responsible for the PABP/elF4G in-
teraction (Groft and Burley 2002). One particular surface
residue in PABP, M161, is critical for the interaction be-
tween PABP and elF4G. Mutation of M161 to an alanine
abrogated the interaction of PABP with elF4G without af-
fecting its affinity for poly(A) RNA (Groft and Burley 2002).

Here, we sought to examine the mechanisms by which
the mammalian PABP stimulates ribosome recruitment
and translation. A novel assay to deplete PABP from
nuclease-treated Krebs-2 cell-free translation extract was
developed (Svitkin and Sonenberg 2004) and was used to
study the function of PABP in translation assays, ribo-
some binding studies, and cross-linking experiments. We
also investigated the ability of recombinant wild-type
and mutant PABP M161A to restore translation. The re-
sults demonstrate that PABP enhances translation and
stimulates ribosome recruitment to the mRNA both at
the 40S ribosome subunit recruitment and 60S subunit
joining steps, and that the interaction between PABP and
elF4G is essential for this enhancement. Cross-linking
studies using PABP-depleted extracts demonstrated a
role for PABP in the interaction of eIF4E with the cap.
elF4E cross-linking to the mRNA was reduced in PABP-
depleted extracts and was restored by the addition of
wild-type PABP, but not by PABP M161A. Cross-linking
studies were also performed to examine the effects of the
poly(A) tail on the affinity of eIF4E for the cap. The pres-
ence of a poly(A) tail enhanced eIF4E cross-linking to the
cap. Our data provide compelling evidence that PABP is
a bona fide translation initiation factor, and that the
PABP/elFAG interaction is crucial for the translational
stimulatory effect that is conferred by the poly(A) tail in
higher eukaryotes.

Results

Krebs-2 cell extracts depleted of PABP
are translationally impaired

To directly analyze the effects of PABP on translation,
PABP was depleted from a nuclease treated Krebs-2 ex-

Multiple mechanisms of PABP action

tract by incubating it with GST-Paip2 coupled to gluta-
thione-Sepharose beads (Svitkin and Sonenberg 2004).
Paip2 is a protein that binds specifically and avidly to
PABP, removes it from the poly(A) tail, and consequently
inhibits translation (Khaleghpour et al. 2001a,b). The su-
pernatant was analyzed for the presence of PABP by SDS-
PAGE followed by Western blotting with an anti-PABP
antibody (Afonina et al. 1997). Mock-depleted (control)
extract treated with GST-coupled glutathione beads was
analyzed as a control (Fig. 1A, lane 1). PABP was almost
completely (>95%) eliminated from the extract treated
with glutathione-Sepharose beads coupled to GST-Paip2
(Fig. 1A, cf. lanes 2 and 1). To demonstrate that the ob-
served absence of PABP is not simply due to the anti-
body’s detection limit, we also loaded three times more
extract (Fig. 1A, lanes 3,4, 3x). Significantly, the levels of
other canonical translation factors (i.e., eIF4E, elF4A,
and especially eIF4G) are not affected by the depletion of
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Figure 1. Depletion of PABP from Krebs-2 extracts results in
diminished translation. (A, top panel) Western blot (SDS-10%
PAGE) analysis of extracts treated with GST (Control Extract,
lanes 1,3) or GST-Paip2 (Depleted Extract, lanes 2,4) probed us-
ing anti-PABP polyclonal antibody. (Bottom panel) Same mem-
brane probed with an anti-B-actin antibody (Sigma) as a loading
control. Three times more extract was loaded in lanes 3 and 4
(marked 3x) versus lanes 1 and 2, to reach the antibody’s detec-
tion limit (lane 4). (B) Capped poly(A)* (1-4) or capped poly(A)
(5-8) luciferase mRNA (2 pg/mL) was translated in Krebs-2 ex-
tracts that were either depleted of PABP (Depleted Extract) or
mock-depleted (Control Extract). The reactions were supple-
mented with either recombinant human PABP (10 pg/mL) or
control buffer, as indicated. Luciferase activity was measured as
described in Materials and Methods and is expressed in relative
light units (RLU) x 10°.
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PABP by this method (Svitkin and Sonenberg 2004; data
not shown). Furthermore, treatment with GST-coupled
glutathione beads only marginally reduced the amount
of PABP in the extract (data not shown). The ability of
Krebs-2 extract to translate poly(A)* mRNA decreased
~16-fold as a consequence of PABP depletion (Fig. 1B).
Importantly, addition of physiological amounts of re-
combinant PABP (10 png/mL) rescued translation, con-
firming that the process of PABP depletion does not re-
sult in the removal or inactivation of other critical com-
ponents of the translational machinery. PABP depletion
also inhibited translation of poly(A)” mRNA three- to
fourfold, and this inhibition was also reversed by PABP
(Fig. 1B). PABP is therefore required for efficient transla-
tion, and it can stimulate translation both in cis and in
trans [i.e., either via its interaction with the poly(A) tail
or on its own, without the poly(A) tail].

Mutation in PABP that selectively
inhibits its binding to elF4G

In vitro pull-down experiments were performed to assess
the affinity of a PABP mutant, PABP M161A, for elF4G.
GST-elF4G (41-244), containing the PABP-binding site
in elF4G, or a mutant that cannot bind PABP [these pro-
teins were described as GST-elF4G (1-204) and GST-
elF4G (1-204)mut, respectively (Imataka et al. 1998),
prior to the discovery of an extra 40 amino acids at the N
terminus of eIF4G (Byrd et al. 2002)] were immobilized
on glutathione-Sepharose beads and incubated with
PABP wild type and PABP M161A. Previously, RRM
1 + 2 of PABP with the M161A mutation was shown not
to bind to eIlF4G (Groft and Burley 2002). As expected,
PABP MI161A failed to coprecipitate with GST-eIF4G
(41-244) (Fig. 2A, top panel, lane 5), whereas PABP wild
type did (Fig. 2A, top panel, lane 4). A filter binding assay
was carried out with the same proteins to compare their
affinities for poly(A) RNA. PABP wild type and PABP
M161A bound to poly(A) with similar affinities (data not
shown), in agreement with the report of Groft and Burley
(2002), indicating that the mutation did not cause pro-
tein misfolding or denaturation.

The PABP—-eIF4G interaction is essential
for efficient translation

To determine the importance of eIlF4G for PABP-medi-
ated stimulation of translation, in vitro translation ex-
periments were carried out using PABP-depleted Krebs-2
cell extracts with luciferase reporter mRNA (Svitkin and
Sonenberg 2004), supplemented with PABP wild type or
mutants. Translation in extracts lacking PABP was in-
hibited approximately sevenfold at 40 min of translation
(Fig. 2B, cf. GST-Paip2 and GST). The addition of recom-
binant PABP (10 pg/mL) fully restored translation (Fig.
2B). In sharp contrast, the addition of PABP M161A (10
ng/mL) to the depleted extract failed to stimulate trans-
lation (Fig. 2B). The addition of equimolar amounts of
PABP RRM 1-4 or PABP RRM 1 +2 (5 and 2.5 png/mL,
respectively) stimulated translation five- and threefold,
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Figure 2. Interaction with eIF4G is critical for PABP to stimu-
late translation. (A) PABP M161A cannot bind to eIF4G. PABP
wild type and PABP M161A were incubated with glutathione-
Sepharose beads alone (lanes 1,2), or with beads coupled to GST
elF4G 41-244 (lanes 4,5), washed with binding buffer, and
eluted with Laemmli buffer. (Lane 3) GST elF4G 41-244mut,
which cannot bind to PABP, was used as a control. Eluted pro-
teins were resolved on an SDS-10% PAGE. Western blot analy-
sis was performed using anti-PABP antibody (top panel) or anti-
elFAG antibody (bottom panel). The positions of molecular
weight markers are indicated on the left. (B) Translation of a
capped luciferase poly(A)* mRNA in PABP-depleted Krebs-2 ex-
tract supplemented with different forms of PABP. Luciferase
activity was measured at several time points in mock-depleted
(control, black line) or depleted extracts supplemented with no
protein (PABP Depleted, red line), or supplemented with
equimolar amounts of wild-type PABP (blue line), PABP M161A
(green line), PABP RRM 1-4 (fuchsia line), or PABP RRM 1 + 2
(orange line). Luciferase activity was measured as described in
Materials and Methods and is expressed in RLU x 10°, as an
average of four experiments.

respectively, at 40 min (Fig. 2B). Although the latter frag-
ments of PABP bind poly(A) RNA as well as PABP wild
type and possess the elF4G-binding site (Imataka et al.
1998), they do not rescue translation as well as PABP,
presumably because they may be unable to recruit other
stimulatory factors to the initiation complex. In conclu-
sion, the PABP/elF4G interaction is required for PABP to
mediate its stimulatory effects on translation.

PABP stimulates 808 ribosome initiation
complex formation

To investigate whether the translational deficiency re-
sulting from the absence of PABP was due to a defect in



initiation, 80S ribosome binding studies were carried out
using PABP- and mock-depleted Krebs-2 cell extracts.
Extracts were incubated with radiolabeled globin mRNA
in the presence of cycloheximide, and analyzed on a
10%-15% sucrose density gradient in a high-salt buffer
(HSB) (Lodish and Rose 1977) to reduce nonspecific in-
teractions. PABP-depleted extracts exhibited a reduction
in 80S ribosomal complex formation (~65% relative to
control, in a representative experiment, which was re-
peated four times, with variations of <10%) (Fig. 3, PABP
Depleted) as compared to mock-depleted extracts (Fig. 3,
Control). The addition of 120 ng of recombinant PABP
(Fig. 3, top panel, PABP) or 72 ng of PABP RRM(1-4) (Fig.
3, middle panel, PABP RRM 1-4) to the depleted extracts
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Figure 3. 80S ribosome initiation complex formation is defi-
cient in PABP-depleted extracts (representative experiment of
four independent experiments). Ribosome initiation complex
profiles of control extract (black line, squares), PABP-depleted
extract (red line, triangles), and supplemented extract (blue line,
inverted triangles) are overlaid for comparison. Extracts were
supplemented with equimolar amounts of either wild-type
PABP (10 pg/mL; top panel), PABP RRM 14 (6 pg/mL; middle
panel), or PABP M161A (10 ug/mL; lower panel). Peaks corre-
sponding to unbound RNA and to RNA in complex with 80S
ribosomes are indicated with arrows (top panel).

Multiple mechanisms of PABP action

not only restored, but even stimulated 80S initiation
complex formation (by 174% and 140%, respectively,
relative to control). Addition of 120 ng of PABP M161A
failed to restore 80S initiation complex formation (Fig. 3,
bottom panel, PABP M161A). PABP is therefore required
for optimal initiation complex formation, for in its ab-
sence, the assembly of the 80S ribosomal initiation com-
plex is severely impaired. Also, since PABP M161A
failed to functionally substitute for wild-type PABP,
PABP must interact with eIF4G to promote 80S initia-
tion complex formation.

PABP stimulates 48S initiation complex formation

We wished to determine whether the reduction in 80S
ribosome initiation complex formation was a result of
reduced 40S ribosome recruitment. 40S ribosome bind-
ing studies were thus carried out in PABP-depleted
Krebs-2 cell extracts. Extracts were incubated with ra-
diolabeled globin mRNA in the presence of GMPPNP
and analyzed on a 10%-15% sucrose density gradient
prepared in a low-salt buffer (LSB) (Gray and Hentze
1994). PABP-depleted extracts exhibited a reduction in
48S initiation complex formation (34% reduction rela-
tive to control, in a representative experiment, which
was repeated four times, with variations of <10%) (Fig. 4,
PABP Depleted) as compared to mock-depleted extracts
(Fig. 4, Control). The addition of 100 ng of recombinant
PABP (Fig. 4, top panel, PABP) or 60 ng of PABP RRM(1-
4) (Fig. 4, middle panel, PABP RRM 1-4) to the depleted
extract restored 40S recruitment by 157% and 150%,
respectively, relative to control, thus stimulating it to a
higher level than in the mock-depleted extract. The ad-
dition of 120 ng of PABP M161A failed to restore 40S
initiation complex formation (Fig. 4, bottom panel,
PABP M161A), and even decreased complex formation
by 39% relative to the depleted extract (decreased by
58% vs. control) (Fig. 4, bottom panel, PABP Depleted).
Thus, PABP M161A appears to exert a dominant-nega-
tive effect on 40S ribosome recruitment. These results
indicate that PABP is required for efficient 40S ribosome
recruitment to the mRNA, and that the PABP/elF4G in-
teraction plays a role in 40S ribosome recruitment. An
important conclusion from these experiments is that the
reduction in 40S ribosome recruitment upon PABP
depletion only partly accounts for the inhibition of 80S
initiation complex formation. This indicates that PABP
may affect 80S initiation complex formation both indi-
rectly at an early step (via inhibition of 40S ribosome
recruitment) and directly at later steps (e.g., at the step of
60S subunit joining). This will be further addressed in
the Discussion.

PABP stimulates initiation factor
recruitment to the mRNA

40S ribosome binding to the mRNA is effected by the
elF4 proteins. eIF4E binds directly to the cap structure
and can be cross-linked to it in an ATP-independent
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Figure 4. 40S ribosome initiation complex formation is defi-
cient in PABP-depleted extracts (representative experiment of
four independent experiments). 40S initiation complex profiles
of control extract (black line, squares), PABP-depleted extract
(red line, triangles), and PABP-depleted extract supplemented
with PABP (blue line, inverted triangles) are overlaid for com-
parison. Extracts were supplemented with equimolar amounts
of either wild-type PABP (10 ng/mL; top panel), PABP RRM 1-4
(6 png/mL; middle panel), or PABP M161A (10 pg/mL; lower
panel). Peaks corresponding to unbound RNA and to RNA in
complex with 40S ribosomes are indicated with arrows (top panel).

manner (Sonenberg et al. 1978). However, several of the
other elF4 proteins, namely, eI[F4A and elF4B, become
juxtaposed to the cap structure in the presence of eIF4E
and ATP, and subsequently, can also be covalently cross-
linked to the cap (Sonenberg 1981; Edery et al. 1983).
Cross-linking experiments were carried out with lucifer-
ase mRNA 32P-labeled at the 5'-cap (m’Gp*ppG, where
the a-phosphate is labeled) to determine the effects of
PABP on the interaction of eIF4E, elF4A, and elF4B with
the 5'-cap structure. In these experiments we used re-
ticulocyte lysate, as the use of Krebs-2 extract resulted in
the nonspecific cross-linking of many proteins (data not
shown). Also, we chose a chemical cross-linking method
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that is superior to UV cross-linking for detecting the
elF4E—cap interaction, but results in feeble eIF4B cross-
linking (Pelletier and Sonenberg 1985). eIF4E and elF4A
cross-linked to poly(A)” mRNA (Fig. 5A, lane 1). The
identities of these proteins were confirmed by the fact
that their binding was specifically inhibited by the cap
analog, m”GDP (as demonstrated previously in many re-
ports: Sonenberg 1981; Lee and Sonenberg 1982; Edery et
al. 1983), whereas the nonspecific cross-linking of other
proteins (e.g., molecular weight of ~50 and ~60 kDa) was
not inhibited (Fig. 5A, cf. lanes 2 and 1). In the PABP-
depleted lysate, eIF4E and eIF4A cross-linking was se-
verely impaired (Fig. 5B, cf. lanes 1,2 and 3,4). Strikingly,
the addition of a poly(A) tail does not stimulate e[F4E
and eIF4A cross-linking in depleted extracts (Fig. 5B, cf.
lanes 3 and 4), whereas in mock-depleted lysates it does.
Therefore, the poly(A) tail can mediate its stimulatory
effect only in the presence of PABP. Significantly, the
addition of equimolar amounts of wild-type PABP, or
truncation mutants of PABP (RRM 1-4 or RRM 1 + 2] to
depleted extracts restored eIF4E and eIF4A cross-linking
to the cap structure (Fig. 5B, lanes 5,8,9, respectively).
Supplementing the extract with excess PABP (twofold),
inhibits eIF4E and elF4A cross-linking (Fig. 5B, cf. lanes
6 and 5). These data are consistent with our observation
that adding increasing amounts of PABP to nondepleted
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Figure 5. PABP mediates poly(A)-tail-induced initiation factor
binding to the m’G cap. (A) Cap-labeled Luc(A)~ and Luc(A)*
mRNA were incubated with reticulocyte lysate. Proteins were
cross-linked to mRNA by oxidation and subsequent reduction.
Bands corresponding to eIF4E and elF4A are indicated with ar-
rows on the Ileft. The addition of cap analog is indicated above.
(B) Cap-labeled Luc(A)" and Luc(A)* mRNA were incubated
with Mock-Depleted (control extract) and PABP-Depleted (de-
pleted extract) reticulocyte lysate. Extracts were supplemented
with equimolar amounts of recombinant proteins (indicated
above). The positions of molecular weight markers are indi-
cated on the right.



extracts progressively inhibits translation (data not
shown). Supplementing depleted extracts with PABP
MI161A (0.3 pg) did not restore eIF4E and eIF4A cross-
linking, but rather dramatically inhibited factor binding
to levels below those observed in PABP-depleted extracts
(Fig. 5B, cf. lanes 7 and 4).

Next, we wished to study the interaction of eIF4B with
the cap. UV cross-linking experiments were thus carried
out (as elF4B cross-links better to the mRNA upon UV
irradiation as compared to chemical cross-linking) (Pel-
letier and Sonenberg 1985) using polyadenylated and
deadenylated luciferase mRNAs, which were *>P-labeled
at the 5’-cap and incubated with a reticulocyte lysate.
After UV irradiation, the extract was treated with a mix-
ture of RNAse A/T1 and analyzed by SDS-PAGE. Using
poly(A)- mRNA, only eIlF4B was detected by autoradiog-
raphy (eIF4B was shown before to be the prominent
cross-linked protein in initiation factor preparations)
(Fig. 6, lane 1; Pelletier and Sonenberg 1985). The cross-
linking of this protein was inhibited by the cap analog,
m’GDP (data not shown). When poly(A);,, RNA was
used, several cross-linked proteins, which correspond to
elF4A, elF4E, and possibly eIF4G (indicated by arrows
and bullets) were detected, while the intensity of eIF4B
was increased (Fig. 6, cf. lanes 1 and 3). Supplementing
the extract with a dominant-negative form of elF4A,
which inhibits eIF4F function (Pause et al. 1994; Svitkin
et al. 2001b), and consequently inhibits interactions of
elF4 proteins with the cap (Sonenberg 1981), caused a
drastic reduction in the cross-linking of all initiation fac-
tors, without affecting the cross-linking of nonspecific
bands (Fig. 6, lanes 2,4). Thus, a long poly(A) tail en-
hances elF/cap binding by recruiting PABP to the mRNA.
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Figure 6. The poly(A) tail stimulates initiation factor binding
to the m’G cap. Cap-labeled Luc(A) (left panel) and Luc(A)*
(right panel) mRNA were incubated with rabbit reticulocyte
lysate in the absence (lanes 1,3) or presence (lanes 2,4) of an
elF4A dominant-negative mutant (PRRVAA, 100 pg/mL) (Svit-
kin et al. 2001b), and subjected to UV cross-linking. Samples
were analyzed by SDS-15% PAGE and bands were revealed by
autoradiography. Bands corresponding to initiation factors are
indicated with arrows on the left and bullets. The positions of
molecular weight markers are indicated on the right.

Multiple mechanisms of PABP action

Taken together, these data demonstrate that PABP
mediates the stimulatory effects of an extended poly(A)
tail on the interaction of the eIF4F group of initiation
factors with the m’G cap structure. Furthermore, PABP
stimulates the recruitment of elF4 proteins to the cap by
directly interacting with eIF4G, since PABP M161A is
not capable of stimulating cross-linking of initiation fac-
tors to the cap structure.

Discussion

An ongoing debate exists regarding the mechanism by
which PABP-induced circularization of the mRNA
stimulates translation (Jacobson 1996; Sachs 2000;
Kahvejian et al. 2001). Based on earlier data from experi-
ments using yeast genetics, yeast translation extracts,
and purified yeast proteins, several mechanisms have
been postulated to explain the function of PABP in eu-
karyotic translation. One hypothesis posits that PABP
promotes 60S ribosomal subunit joining at the start
codon (Sachs and Davis 1989; Searfoss et al. 2001). An-
other model proposes that circularization stimulates ri-
bosome recycling, by bringing the 5’- and 3'-ends of the
mRNA together (Jacobson 1996). It has also been sug-
gested that PABP promotes 40S initiation complex re-
cruitment (Tarun and Sachs 1995), possibly by increasing
the affinity of eIF4F for the cap structure or affecting
other protein—protein or protein—-RNA interactions (Le et
al. 1997; Wei et al. 1998; Sachs 2000). Here, we address
this question in the most direct manner by depleting
PABP from Krebs-2 extract. The depleted extract does
not support efficient translation of capped and polyade-
nylated mRNAs (Svitkin and Sonenberg 2004). Our
method of depletion is highly efficient and specific, as
>95% of PABP was depleted, and translation could be
largely restored by addition of recombinant PABP.

Our data further bolster the idea that PABP stimulates
translation by binding to eIF4G. Krebs-2 extracts de-
pleted of PABP are severely impaired in translation of a
reporter mRNA (Fig. 2B). Translation can be rescued by
the addition of recombinant PABP protein, but not with
a mutant form of the protein (PABP M161A), which can-
not bind to eIF4G. Thus, the PABP/elF4G, in mamma-
lian cells (at least in vitro) and in Xenopus oocytes
(Wakiyama et al. 2000) is clearly important. As stated
above, stimulation of ribosome recycling is a possible
explanation for the role of the PABP/eIF4G interaction.
However, the time-course experiment using PABP
MI161A suggests that this cannot be the only mecha-
nism. If solely ribosome recycling were affected by this
mutation, the translation time course of the extract
supplemented with PABP M161A would have resembled
that of the extract with PABP wild type, in the early
phase of translation. The curves would have only di-
verged at later time points, when new rounds of transla-
tion, which are presumably dependent on ribosome re-
cycling, occur. Clearly, in our experiment, the two
curves (PABP and PABP M161A) diverge at the onset of
translation, indicating a deficiency in the initial rate of
translation. Nevertheless, we cannot rule out the possi-
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bility that mRNA circularization, resulting from the in-
teraction between PABP and elF4G, also simulates trans-
lation by promoting ribosome recycling. The overall
changes in translation in our time-course experiments
can be attributed to PABP’s effect on both initiation and
on subsequent rounds of translation.

By performing protein cross-linking to the cap struc-
ture, we demonstrated PABP’s direct effect on the initial
recruitment of the translation machinery to the mRNA.
Our results show that the PABP/poly(A) tail complex
acts at a step prior to 43S preinitiation complex forma-
tion. As stated above, the interaction between PABP and
elF4G may stimulate other protein/protein or protein/
RNA interactions. These interactions lie upstream of ri-
bosome recruitment, and their stabilization will ulti-
mately affect mRNA translatability. In the absence of a
poly(A) tail, recruitment of initiation factors to the
mRNA was markedly reduced when compared to the
same mRNA with a long poly(A) tail (~300 As). Simi-
larly, depletion of PABP from mammalian extracts re-
duced initiation factor binding. Supplementing these ex-
tracts with recombinant PABP restored and even stimu-
lated eIF4F cross-linking to the 5'-cap. The PABP/elF4G
interaction is necessary for this effect. Thus, PABP’s
binding to e[F4G may engender conformational changes
that promote eIF4F activity. In plants, e[F4G appears to
enhance PABP binding to poly(A) (Le et al. 1997), and in
turn, PABP increases the affinity of eIF4F for the cap
structure (Wei et al. 1998) and eIF4F helicase activity (Bi
and Goss 2000). There are two possible mechanisms by
which PABP can enhance the eIF4E affinity for the cap
structure. One model may involve cooperative binding
of PABP with elF4G/4E to the mRNA. We have previ-
ously shown, using a cross-linking assay, that eIF4G in-
creases the affinity of eIF4E for the cap (Haghighat and
Sonenberg 1997). The RNA-binding domain in eIF4G
must be present for this enhancement, inasmuch as an
N-terminal fragment of eIF4G lacking this domain failed
to enhance eIF4E interaction with the cap (A. Haghighat
and N. Sonenberg, unpubl.). Thus, it is plausible that
PABP enhances the eIlF4G interaction with RNA, and
consequently increases the affinity of eIF4E to the cap
(see model in Fig. 7). This model is supported by the
observation that PABP stimulates IRES function, and
that this stimulation is abrogated upon eIF4G cleavage,
which separates the PABP-binding site in eIF4G from the
RNA-binding domain (Svitkin et al. 2001a). An alterna-
tive, but not mutually exclusive, model is based on ex-
periments, which demonstrated that eIF4G stimulates
elF4E affinity for the cap through allosteric changes (von
Der Haar et al. 2000; Gross et al. 2003). In a similar
mechanism, binding of PABP to eIF4G might stimulate
the elF4E-cap interaction by producing conformational
changes in elF4G.

It is significant that the deficiency in 80S recruitment
upon PABP depletion is more drastic than the reduction
of 408 initiation complex formation observed under the
same conditions. This may indicate that both 40S and
60S ribosomal subunit recruitment steps are separate
targets of PABP. Searfoss et al. (2001) proposed that PABP
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Figure 7. Model for PABP enhancement of eIF4E binding to the
mRNA 5’-cap. (1) eIF4G enhances eIF4E affinity for the mRNA
5'-cap structure, through the interaction of the eIF4G HEAT
(Marcotrigiano et al. 2001) domain (H) with mRNA. (2) PABP
enhances elF4G affinity for the mRNA. (3) elF4G affinity for
elF4E is increased as a consequence of the increased eIF4G bind-
ing to the mRNA.

derepresses 60S joining. They demonstrated that PABP
inhibits two nonessential putative RNA helicases in
yeast, Slhlp, and Ski2p, themselves inhibitors of eIF5B.
Deletion of these two RNA helicases results in transla-
tional enhancement of poly(A)” mRNA to the level ob-
tained with poly(A)" mRNA. Importantly, Munroe and
Jacobson (1990) first showed that the poly(A) tail stimu-
lated 60S ribosomal subunit binding in a reticulocyte
lysate. It is of interest that another example exists for an
effect of the 3’ of mRNA on 60S subunit joining. Os-
tareck et al. (1997, 2001) have demonstrated that the
3'-UTR of Lox-15 mRNA stimulates 60S subunit joining
via hnRNP K and El proteins. Sachs and Davis (1989)
had shown that depletion of PABP by promoter inacti-
vation in yeast resulted in an inhibition of translation at
the level of 60S joining. Subsequently, Tarun and Sachs
(1995) reported that PABP was involved in 40S recruit-
ment in a poly(A)-dependent yeast assay. They proposed
that under conditions of reduced 60S ribosome binding
(e.g., deletion of eIF5 and eIF5B, or of enzymes involved
in 60S ribosome biogenesis), 40S ribosome binding
becomes the rate-limiting step and serves as a target
of PABP-mediated translational stimulation (Tarun and
Sachs 1995; Sachs 2000).



Taken together, our data indicate that PABP exerts its
stimulatory effects at multiple stages of translation ini-
tiation in mammals. Why target several steps of initia-
tion? Regulating both initiation factor binding to the
mRNA (thus controlling 40S recruitment), and 60S join-
ing permits a tighter control of initiation, by preventing
nonspecific initiation events. Furthermore, the differ-
ences observed between yeast and mammalian systems
(e.g., differences in the requirement for the PABP/elF4G
interaction, differential targets of PABP enhancement,
the lack of Paipl and Paip2 in yeast) represent the evo-
lution of more complex poly(A)-tail-mediated transla-
tional control in higher eukaryotes. It is interesting that
yeast elF4G (TIF4631) does not interact with human
PABP, despite the high degree of homology between hu-
man and yeast PABPs (Otero et al. 1999). Slight dissimi-
larities in amino acid sequence between the PABPs, and
major differences between the PABP-binding sites in
elF4G homologs might account for this inability to in-
teract. Thus, the manner by which eIF4G and PABP in-
teract has changed, without disrupting the interaction
per se, and potentially modifying its consequences and
effects on the rest of the initiation apparatus.

Our experiments constitute the first direct and com-
prehensive study of PABP as a translation initiation fac-
tor. PABP clearly impinges on the earliest step of trans-
lation initiation and as a coactivator of translation,
should be considered a canonical eukaryotic translation
initiation factor.

Materials and methods

DNA vectors

The PABP used in these studies corresponds to GenBank acces-
sion number gi:4505575. This record was replaced by
gi:BC023520.2 on April 14, 2004. The latter has three additional
amino acids (212-214) located in RRM3. Consequently, we
compared the activity of the two forms, and found them to
behave similarly in our in vitro translation assays (data not
shown). The pET-28b(+) PABP 1-190 (RRM 1 + 2) deletion con-
struct containing a point mutation at position M161A was ob-
tained from C. Groft and S. Burley (Laboratory of Molecular
Biophysics and Howard Hughes Medical Institute, The Rock-
efeller University, New York). To generate the mutant in the
context of full-length PABP (pET-28b PABPHis mutant), the
construct was digested with EcoRI. A fragment resulting from
the digestion of pET-3b PABPHis (previously described) (Kha-
leghpour et al. 2001a) with EcoRI was ligated into the digested
pET-28b PABP (1-190) mutant vector. Resulting clones were
screened by restriction enzyme analysis using Ndel or Xhol, to
identify the clones containing the insert in the proper orientation.

Protein expression and purification

BL21 ADE3 bacteria were transformed with pET-28b PABPHis
M161A. Protein expression and purification were carried out as
previously described for PABPHis (Khaleghpour et al. 2001a).

Glutathione pull-down assay

Glutathione-Sepharose beads (500 puL; Amersham Biosciences
were washed in PBS, of which 20 pL (dry bed volume) was in-
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cubated with 5 pg of GST-eIF4G 41-244 (previously described as
1-204) (Imataka et al. 1998) or 5 pg of GST-elF4G 41-244mut,
which does not bind to PABP. Incubation was carried out for 30
min at 4°C in 300 pL of Binding Buffer (0.4% Triton X-100; 2.5
mM MgCl,; 20 mM Tris-HCI at pH 7.5; 10% glycerol; 0.1 mM
EDTA; 1 mg/mL BSA) supplemented with Complete Protease
Inhibitor cocktail tablets (Roche). After one wash with Binding
Buffer, beads were incubated with 1 pg of PABP wild type or
PABP M161A for 30 min at 4°C in 300 pL of Binding Buffer. The
latter proteins were also incubated with 20 pL of glutathione-
Sepharose beads, which were not coupled to GST-eIF4G, to con-
trol for nonspecific interactions. Beads were subsequently
washed twice with Wash Buffer (same as Binding Buffer without
Triton X-100 and protease tablets) and treated with 40 pL of
Laemmli buffer. Proteins were analyzed by SDS-PAGE and re-
vealed by Western blot analysis using anti-PABPNt and anti-
elF4GNt (kind gifts from H. Imataka, Protein Research Group,
Genome Sciences Center, Riken (Yokohama) Tsurumi-Ku, Yo-
kohama, Japan).

Preparation and PABP depletion of Krebs-2 extracts

Krebs-2 extracts were prepared as previously described (Svitkin
and Agol 1978; Svitkin and Sonenberg 2004). For the depletion
of endogenous PABP protein, extracts were incubated with glu-
tathione beads previously incubated with GST-Paip2 protein
(Svitkin and Sonenberg 2004). The mixture was centrifuged, and
the supernatant was analyzed by Western Blotting for the pres-
ence of PABP. Mock-depleted (control) extracts were treated
with GST alone.

In vitro translation experiments

All translation experiments were performed as previously de-
scribed (Khaleghpour et al. 2001b; Svitkin and Sonenberg 2004).
Capped poly(A)* and poly(A)~ luciferase RNAs (lizuka et al.
1994) were used to program translation reactions.

mRNA labeling for ribosome binding assays

Globin mRNA (Gibco Invitrogen Corporation, discontinued)
was labeled using yeast poly(A) polymerase (USB Corporation)
and [a-32P] Cordycepin-5'-Triphosphate (NEN) according to the
3’-end labeling of RNA protocol (P-74225B rev 03/07).

808 ribosome binding assays

80S ribosome binding studies were carried out based on the
protocol from Lodish and Rose (1977). Briefly, Krebs-2 extracts
were incubated with radiolabeled mRNA (10° cpm) in the pres-
ence of cycloheximide (0.6 mM) in a total volume of 37.5 uL for
15 min at 30°C. Reactions were stopped by diluting fourfold
with ice-cold HSB (Lodish and Rose 1977). Total reactions were
applied to cold 5-mL 15%-30% sucrose gradients prepared with
HSB. Gradients were centrifuged in an SW55 rotor at 54,000
rpm at 4°C for 1 h 45 min. Fractions (0.2 mL) were collected and
counted in CytoScint (ICN). Relative binding was assessed by
weighing the paper under the 80S peaks using an analytical
balance.

408 ribosome binding assays

40S ribosome binding studies were carried out as for 80S ribo-
somes except for the following modifications. GMPPNP
(Sigma), a nonhydrolyzable analog of GTP, was used in conjunc-
tion with cycloheximide to prevent 60S subunit joining. Gradi-
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ents (10%-30% sucrose) were prepared using a low-salt buffer
(Gray and Hentze 1994) and centrifuged for 150 min. Binding
was assessed by weighing the paper under the 40S peaks using
an analytical balance.

mRNA preparation for cross-linking assays

Uncapped luciferase (Luc) RNA was obtained from Promega as
part of the rabbit reticulocyte lysate translation kit. For the
generation of Luc(A)* mRNA, poly(A) tail extension was carried
out using yeast poly(A) polymerase (USB Corporation) according
to the Poly(A) tailing of RNA protocol (P-74225B rev 03/07). For
the generation of Luc(A)” mRNA, Luc mRNA was hybridized
with oligo(dT) and digested with RN Ase H (MBI Fermentas) as
suggested by the manufacturer.

mRNA labeling for cross-linking assays

Luc(A)" and Luc(A)” mRNAs were radioactively labeled at the
cap using vaccinia-virus guanylyltransferase (Ambion) with
[«-32P]GTP (Perkin Elmer Life Sciences) and S-adenosyl methio-
nine according to the manufacturer’s instructions.

Chemical cross-linking assays

Chemical cross-linking was carried out as previously described
(Sonenberg et al. 1978; Merrick and Sonenberg 1997). Briefly,
cap-labeled mRNA was oxidized using 0.2 mM NalO, (freshly
prepared) for 2 h in the dark. Oxidized mRNA (10° cpm) was
subsequently incubated with RRL extract and incubated at
30°C for 20 min. Reduction of the Schiff base between the 5’
mRNA ribose and lysines in the proteins was carried out over-
night at 4°C using 0.2 mM NaCNBH;. The mixture was treated
with 0.1 mg/mL RNAse A to digest the RNA. Samples were
analyzed by SDS-15% PAGE and bands were revealed by auto-
radiography.

UV cross-linking assays

Cap-labeled RNAs were incubated for 10 min at 33°C with rab-
bit reticulocyte lysate (RRL; Promega). Mixture was subjected
to UV irradiation for 20 min at 4°C (Pelletier and Sonenberg
1985). The extract was incubated with a mixture of RNAse A
and Micrococcal Nuclease for 30 min at 37°C. Samples were
analyzed by SDS-15% PAGE and bands were revealed by auto-
radiography.
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