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The bent conformation of poly(A)-binding protein induced by RNA-binding is required
for its translational activation function
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ABSTRACT
A recent study revealed that poly(A)-binding protein (PABP) bound to poly(A) RNA exhibits a sharply bent
configuration at the linker region between RNA-recognition motif 2 (RRM2) and RRM3, whereas free PABP
exhibits a highly flexible linear configuration. However, the physiological role of the bent structure of
mRNA-bound PABP remains unknown. We investigated a role of the bent structure of PABP by
constructing a PABP variant that fails to form the poly(A)-dependent bent structure but maintains its poly
(A)-binding activity. We found that the bent structure of PABP/poly(A) complex is required for PABP’s
efficient interaction with eIF4G and eIF4G/eIF4E complex. Moreover, the mutant PABP had compromised
translation activation function and failed to augment the formation of 80S translation initiation complex in
an in vitro translation system. These results suggest that the bent conformation of PABP, which is induced
by the interaction with 30 poly(A) tail, mediates poly(A)-dependent translation by facilitating the
interaction with eIF4G and the eIF4G/eIF4E complex. The preferential binding of the eIF4G/eIF4E complex
to the bent PABP/poly(A) complex seems to be a mechanism discriminating the mRNA-bound PABPs
participating in translation from the idling mRNA-unbound PABPs.
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Introduction

The start codon of eukaryotic mRNAs is not directly recog-
nized by the translation-competent preinitiation complex
(43S), which is composed of a 40S ribosomal subunit, eIF1,
eIF1A, eIF3, eIF2–GTP–Met-tRNAMet, and probably eIF5.1

Instead, the 43S complex is transferred to the start codon after
binding to the 7-methyl guanosine cap structure (m7G) at the
50 end in the presence or absence of poly(A) at the 30 end of an
mRNA molecule.2,3 The poly(A)-mediated stimulation of
translation occurs through concerted actions of translation fac-
tors associated with the 30 poly(A) tail and the 50 cap structure.
The poly(A)-binding protein (PABP) binds to the 30 poly(A)
tail and then interacts with eIF4G to bring the 30 end of an
mRNA close to its 50 cap structure. Sequential interactions of
poly(A)-bound PABP – eIF4G – eIF4E – 50 cap circularize
the mRNA, which apparently facilitates the translation of 50-
capped and 30- poly(A)-tailed mRNAs.4 Curiously, the poly(A)
tail augments translation even in the absence of the 50 cap
structure and the cap-binding protein eIF4E.3,5-8 Moreover,
although PABP has been well documented to play a pivotal role
in poly(A)-dependent translation, the mechanistic basis of its

involvement in poly(A)-dependent translation has not been
fully elucidated.9

PABP contains four RNA-recognition motifs (RRMs)
responsible for poly(A) binding, plus a hydrophobic C-terminal
domain (PABC) that has no RNA-binding activity. The RRMs
and PABC all participate in interactions with various proteins
that contribute to translational activation and modulation. A
recent single-molecule study showed that PABP undergoes a
drastic conformational change upon binding to poly(A) RNA,
acquiring a sharp bend in the RRM2-3 linker region, a slight
bend in the RRM3-4 linker region, and maintaining a straight
conformation of RRM1-2 to yield a highly stable bent structure
in which RRM1 is located close to RRM4.10 A structural study
also revealed that RRM1-2-3 undergo conformational changes
when this fragment of PABP binds to poly(A) RNA.11 These
studies further showed that the conformation of poly(A)-bound
PABP is allosterically altered by the binding of PABP-interact-
ing protein 2 (Paip2) to RRM2-3 or eIF4G to RRM2.10,11

However, it was not known how the bent conformation of
30 poly(A)-bound PABP might participate in poly(A)-dependent
translation.

CONTACT Jong-Bong Lee jblee@postech.ac.kr Physics, Pohang University of Science and Technology, Jigok-ro 55, Pohang, 790784, South Korea;
Sung Key Jang sungkey@postech.ac.kr Department of Life Sciences, Pohang University of Science and Technology, Cheongam-ro 77, Nam-gu, Pohang, Gyeong-
sangbuk-do, 37673, South Korea.

Supplemental data for this article can be accessed on the publisher's website.
Published with license by Taylor & Francis Group, LLC © Ka Young Hong, Seung Hwan Lee, Sohyun Gu, Eunah Kim, Sihyeon An, Junyoung Kwon, Jong-Bong Lee, and Sung Key Jang.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

RNA BIOLOGY
2017, VOL. 14, NO. 3, 370–377
http://dx.doi.org/10.1080/15476286.2017.1280224

brought to you by COREView metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/148823767?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1080/15476286.2017.1280224
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1080/15476286.2017.1280224


To study how the bent conformation of full-length PABP
contributes to translation, we constructed a mutant PABP in
which linker 2 (that between RRM2 and RRM3) was replaced
with linker 1 (that between RRM1 and RRM2), such that the
mutant retained a strong poly(A) RNA-binding affinity similar
to that of wild-type (WT) PABP, but exhibited a linear align-
ment of RRMs instead of the bent conformation upon poly(A)
binding. Single-molecule F€orster Resonance Energy Transfer
(smFRET) analysis of WT and mutant PABP confirmed that
the conformational change of the linker 2 region is critical to
the overall conformational change of PABP upon poly(A) bind-
ing. Importantly, the mutant PABP showed decreased transla-
tion activation and eIF4G interaction in the presence of poly
(A), relative to WT PABP. The results suggest that the specific
conformation of PABP on the 30 poly(A) tail of an mRNA aug-
ments poly(A)-dependent translation by facilitating interac-
tions with eIF4G. We also found that poly(A)-bound PABP
interacts more strongly with the eIF4G/eIF4E complex than
with monomeric eIF4G. These preferential interactions are
likely to represent a mechanism through which the cellular
translational machinery distinguishes mRNA-bound PABP
(i.e., that participating in translation) from idling mRNA-
unbound PABP, and discriminates the eIF4G/eIF4E complex,
which interacts with the 50 cap to circularize an mRNA, from
monomeric eIF4G, which lacks cap-binding ability.

Results

The conformations and poly(A) RNA-binding affinities of
WT and mutant PABPs

RRM1-2 of human PABP is linearly aligned along poly(A), but
RRM2-3 bound to poly(A) RNA has a sharply bent conforma-
tion.10 To investigate the role of the bent conformation of
PABP, we replaced linker 2 (RKEREAELGARAKE; between
RRM2 and RRM3) with linker 1 (DPSLRKSGV; between
RRM1 and RRM2) to generate a mutant PABP (PABP 2–3 mt)
that lacks poly(A)-dependent bending but maintains its poly
(A)-binding activity (Fig. 1A).

We used smFRET imaging to determine the configuration of
the mutant PABP on poly(A) RNA, as previously described.10

Briefly, a partial RNA-DNA duplex with a 25-nucleotide poly
(A) RNA tail was immobilized on a surface that had been pas-
sivated with PEG/PEG-biotin using a PEG-biotin/streptavidin/
biotin-30 DNA oligo interaction. The poly(A)25 template con-
tains a donor Dy 547 at the 30 end of the RNA oligo and an
acceptor Dy 649 at the 50 end of the DNA oligo, enabling
smFRET. The FRET efficiency of the RNA-DNA hybrid was
0.41 § 0.09 in the absence of PABP (Fig. 1B). The addition of
the WT RRM2-3 fragment increased the FRET value of the
poly(A) RNA to 0.57 § 0.15 (N D 108; Fig. 1B and Fig. S2A).
In contrast, the addition of RRM2-3 mt decreased the FRET
value of the RNA-DNA hybrid to 0.21 § 0.16 (N D 80; Fig. 1B
and Fig. S2B). We used a similar strategy to confirm the config-
uration of full-length WT PABP and full-length mutant PABP
(PABP 2–3 mt). The FRET efficiency of the RNA-DNA hybrid
was 0.81§ 0.13 (ND 160; Fig. 1C and Fig. S2C) in the presence
of WT PABP, suggesting that, consistent with the previous
report,10 RRM1 is located near RRM4 in poly(A)-bound WT

PABP. In contrast, the addition of PABP 2–3 mt sharply
decreased the FRET signal to 0.00 § 0.07 (N D 43; Fig. 1C),
indicating that the RRMs of the mutant are aligned linearly
along the poly(A) RNA. We measured the fluorescence of a
donor-acceptor pair to distinguish the zero FRET state (0.00 §
0.07) from the fluorescence bleaching of the acceptor
(Fig. S2D). Taken together, these results strongly indicate that
linker 2 is critical for the ability of PABP to undertake the bent
conformation upon binding to poly(A) RNA. Interestingly, the
poly(A)25-binding affinities of WT PABP and PABP 2–3 mt
were nearly identical, with estimated Kd values of »5.9 nM and
»6.9 nM, respectively (Fig. 2A and 2B). This Kd value for WT
PABP is consistent with previous reports,12-14 and our findings
indicate that the conformational change introduced into the
mutant PABP did not affect its association with the poly(A)
tail.

The bent conformation of poly(A)-bound PABP enhances
translation

To test whether and how the bent conformation of poly(A)
RNA-bound PABP affects translation, we performed in vitro
translation reactions using PABP-depleted HeLa lysates supple-
mented with purified full-length WT PABP or PABP 2–3 mt
(Fig. 3B). Endogenous PABP was depleted from translation-
competent HeLa lysates using GST-Paip2-conjugated glutathi-
one Sepharose beads, as previously described.15 GST-conju-
gated beads incubated with HeLa lysates served as a control
lysate.

PABP was almost completely removed from HeLa lysates
treated with GST-Paip2-conjugated glutathione Sepharose
beads and other initiation factor, eIF4G, was not affected by
the depletion of PABP (Fig. 3A). In vitro translation reactions
were performed with a 50-capped and 30-poly(A)120-tailed
RNA. Our results revealed that translation was decreased by 6-
fold upon PABP depletion (Fig. 3B, lanes 1 and 4). The addi-
tion of WT PABP (10 mg/ml: the amount of endogenous
PABP in the original lysate) to the PABP-depleted lysate
enhanced translation by 3.5-fold (Fig. 3B, lanes 4 and 5),
whereas the addition of PABP 2–3 mt (10 mg/ml) augmented
translation to only by 1.6-fold (Fig. 3A, lanes 4 and 6). These
results clearly show that the bent conformation of 30 poly(A)-
bound PABP is required for this protein to fully function as a
translational activator.

The bent conformation of poly(A)-bound PABP facilitates
the formation of 80S ribosomal complex

To study whether the conformation of PABP affects the initia-
tion step of translation, we used a sucrose density gradient anal-
ysis to monitor 80S ribosomal complex formation (Fig. 4).
Briefly, a radiolabeled 50-capped and 30-poly(A)120-tailed RNA
was incubated in control or PABP-depleted lysates in the pres-
ence of cycloheximide (20 mM) which blocks the elongation
reaction of the 80S ribosomal complex. The extent of 80S ribo-
somal complex formation was significantly decreased in PABP-
depleted lysate (open squares in Fig. 4). When WT PABP was
supplemented with PABP-depleted lysate (WT PABP), the level
of 80S complex formation was dramatically increased (open
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triangles in Fig. 4), but not when PABP 2–3 mt was added
(symbol x in Fig. 4). These data strongly suggest that the bent
configuration of PABP augments translation initiation by facili-
tating the formation of 80S ribosomal complex.

Interaction between eIF4G and the poly(A)25-PABP
complex

To assess whether and how the bent conformation of 30 poly
(A)-bound PABP affects translation, we investigated the bind-
ing affinities of poly(A)-bound WT PABP or PABP 2–3 mt
with eIF4G, which is known to interact with RRM2 of PABP.11

Because it is technically difficult to purify full-length mamma-
lian eIF4G, we generated a truncated human eIF4GI containing
the PABP- and eIF4E-binding sites (designated as eIF4G-N
and corresponding to amino acids 42–653 of eIF4GI; Fig. S3A).
We confirmed that purified eIF4G-N could interact with both
eIF4E and PABP (Fig. S3B and S3C). When equal amounts of
truncated PABPs (RRM2-3 or RRM2-3 mt) were precipitated
with poly(A) RNA (approximately 100-nt long) conjugated to
Sepharose beads (lower panel), the interaction between RRM2-
3 mt and eIF4G-N was »70% lower than that between RRM2-
3 and eIF4G-N (upper panel in Fig. 5A, lanes 7 and 8). This
indicates that the bent conformation of the RRM2-3 region
plays an important role in eIF4G binding, possibly by exposing

Figure 1. Generation of a PABP mutant that fails to exhibit poly(A)-dependent bending. (A) Schematic diagrams of WT PABP and the generated mutant PABP (PABP 2–3
mt). The linker region between RRM2 and RRM3 (linker 2) was replaced with that between RRM1 and RRM2 (linker 1). (B) Histograms of the FRET values obtained from
poly(A)25 containing a Dy547-Dy649 FRET pair, as assessed in the presence of truncated PABPs corresponding to RRM2-3 (left) and RRM2-3 mt (right) of PABP and PABP
2–3 mt, respectively. The FRET value was 0.41 § 0.09 in the absence of proteins (Unbound); it increased to 0.57 § 0.15 in the presence of RRM2-3 (left, Bound), but was
only 0.20 § 0.16 in the presence of RRM2-3 mt (right, Bound). (C) Histograms of the FRET values obtained from poly(A)25 in the presence of WT PABP or PABP 2–3 mt.
The FRET increased to 0.81 § 0.13 upon binding of WT PABP (left, Bound), but decreased to 0.00 § 0.07 upon binding of PABP 2–3 mt (right, Bound).
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the eIF4G-binding site in RRM2 upon the binding of PABP to
poly(A) RNA (see below).

Similarly, the interaction between poly(A)-bound WT PABP
(full length) and eIF4G-N was impaired by »60% in the
mutant (middle panel in Fig. 5B, lanes 8 and 9). The addition
of eIF4E increased the binding affinity of eIF4G-N to WT
PABP by about 3-fold (compare lane 10 with 8 in Fig. 5B).
However, the interaction between poly(A)-bound WT PABP
(full length) and eIF4G-N was impaired by »60% in the
mutant even in the presence of eIF4E (middle panel in Fig. 5B,
lanes 10 and 11), similarly to the results obtained in the absence
of eIF4E (middle panel in Fig. 5B, lanes 8 and 9). Co-precipita-
tion of eIF4E, which is precipitated in association with eIF4G-
N, was also 55% lower for the mutant relative to WT PABP
(upper panel in Fig. 5B, lanes 10 and 11).

Flag-immunoprecipitation was used to assess the binding
affinity of eIF4G-N/eIF4E complexes to Flag-tagged PABPs
(WT PABP or PABP 2–3 mt) in the presence or absence of
poly(A)25 RNA (Fig. 5C). In the absence of poly(A) RNA, the
binding affinities of WT PABP and PABP 2–3 mt to the eIF4G/
eIF4E were nearly identical (upper and middle panels in
Fig. 5C, lanes 5 and 6). Surprisingly, however, the presence of
poly(A) RNA dramatically increased the interaction between
eIF4E-bound eIF4G-N and WT PABP, but decreased that
between eIF4E-bound eIF4G-N and PABP 2–3 mt (upper and

middle panels in Fig. 5C, lanes 5–8). The ability of poly(A)
RNA to enhance the interaction between PABP and eIF4G is
consistent with a previous report,11 but this is the first study to
show that this effect was abolished when the bending of PABP
was genetically abrogated. Taken together, our results suggest
that the bent conformation of PABP, which is induced by poly
(A) binding, strongly augments the interaction of PABP with
eIF4G/eIF4E.

Discussion

Our previous single-molecule study suggested that the poly(A)-
binding-induced bent conformation of PABP might regulate
translation through an interaction between RRM2-3 and one
or more translation initiation factors.10 The linker 2 between
RRM2 and RRM3 is well conserved among human cytoplasmic
PABP isoforms (PABPC1, PABPC3 and PABPC4). Moreover,
the linker 2 of PABPC1 is well conserved in human, frog, fish
and fruit fly, but less well conserved in yeast.

To investigate whether the bent configuration of poly(A)-
bound PABP is required for the ability of this protein to
enhance translation, we replaced linker 2 with linker 1 to gener-
ate a mutant PABP (PABP 2–3 mt). PABP 2–3 mt showed the
same binding affinity to poly(A) RNA as WT PABP, but exhib-
ited a linear alignment of RRM2 and RRM3 upon poly(A)

Figure 2. WT PABP and PABP 2–3 mt have the same affinity for poly(A) RNA. (A and B) Electrophoretic mobility shift assays were performed to measure the affinities of
WT PABP and PABP 2–3 mt for poly(A)25. A constant amount (20 fmol) of [32P]-oligo(A)25 RNA was incubated with 0, 0.04, 0.2, 1, 2, 10, 20, 40, 100, 500, 1000, 3000, 5000,
or 7000 fmol of WT PABP or PABP 2–3 mt. PABP-bound poly(A)25 [PABP-poly(A) complex] and free poly(A)25 RNA were resolved by native gel electrophoresis, and the
band intensities were quantified. The apparent Kd values for WT PABP and PABP 2–3 mt were estimated to be»5.9 nM and »6.9 nM, respectively.
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binding (Figs. 1 and 2). The structure of RRM1-2 with linkers 1
and 2 was previously reported by Safaee et al., (2012) using X-
ray crystallography. The report showed that both linker 1 and
linker 2 regions form a-helices (RRM1-a3 and RRM2-a3,
respectively) with or without poly(A) binding. These a-helices
and the b sheets of each RRM domain form clamp-like struc-
tures to hold the RNA. The authors suggested that Arg94 in the
first helix (RRM1-a3) and Arg179 in the second helix (RRM2-
a3) contribute to poly(A) binding (Safaee et al., 2012). Arg94
contributes to poly(A) binding by forming hydrogen bonds
with 20 OH of ribose moieties. On the other hand, Arg179 con-
tributes to poly(A) binding by forming hydrogen bonds with
the backbone phosphate oxygen. The report indicates that the
huge configuration difference (linear and sharply bent configu-
rations) of linkers 1 and 2 bound to poly(A) is attributed not
only to the length difference of linkers but also to the different
modes of interaction between amino acids and nucleotides.

The addition of PABP to PABP-depleted HeLa lysate
restored translation of a reporter mRNA but that of PABP 2–3
mt only partially augmented translation, and the sucrose den-
sity gradient analysis indicated that the initiation step of trans-
lation was hampered by the mutation in PABP (Figs. 3 and 4).
Regarding the molecular basis of the activity differences
between the WT and mutant PABPs, we speculated that the
bent conformation of RRM2-3 may play an important role in
the interaction with eIF4G. Previous studies showed that
assembly of the PABP-eIF4G complex with a poly(A) tail
enhances the recruitment of ribosomes to mRNAs in yeasts,
mammals, and plants.9,16,17 The N terminus of eIF4G interacts
with the RRM2 domain of PABP, triggering conformational
changes in both PABP and eIF4G, and the binding of poly(A)
RNA increases the affinity of eIF4G to PABP.11 As expected,
we observed that poly(A) RNA augmented the binding of
PABP to the eIF4G/eIF4E complex (compare lane 5 with 7 in
Fig. 5C). It should be noted that poly(A) RNA-bound WT
PABP had a 2- to 3-fold higher binding affinity to eIF4G (com-
pare lane 8 with 9 in Fig. 5B) and the eIF4G/eIF4E complex
(compare lane 10 with 11 in Fig. 5B) compared to poly(A)
RNA-bound PABP 2–3 mt. This suggests that the bent struc-
ture of PABP, which is induced by the binding of poly(A), aug-
ments the interaction between PABP and eIF4G. Notably, the
amino acid residues of PABP RRM2 that are responsible for
interacting with eIF4G are located at a distance from linker 2
and the RNA-binding regions of PABP.11 Therefore, we specu-
late that the poly(A)-binding-induced bending of PABP
exposes the eIF4G-binding site in RRM2, which in turn allows
eIF4G to physically interact with PABP. Consistent with this,
the association of poly(A) RNA to the PABP 2–3 mutant,
which straightens domains 2 and 3 (Fig. 1), reduced the binding
affinity of eIF4G/eIF4E to PABP (compare lanes 6 and 8 in
Fig. 5C).

The induced exposure of the eIF4G-binding site on PABP by
an allosteric interaction of poly(A) RNA enables the transla-
tional machinery to ensure that eIF4G and the eIF4G/eIF4E
complex preferentially interact with mRNA-bound PABPs

Figure 3. Translation-enhancing activities of WT PABP and PABP 2–3 mt. (A)
Depletion of PABP from HeLa lysates was confirmed by Western blotting. Western
blot analyses were performed with antibodies against eIF4GI (upper panel), PABP
(middle panel) and GAPDH (lower panel) (B) In vitro translation reactions were per-
formed with a reporter mRNA, which contains the 50 cap, firefly luciferase gene,
and poly(A)120 tail, in HeLa lysates that were either PABP-depleted (lanes 4–6) or
mock-depleted (lanes 1–3). The HeLa lysates were supplemented with control
buffer (lanes 1 and 4), WT PABP (10 mg/ml, lanes 2 and 5), or PABP 2–3 mt (10
mg/ml, lanes 3 and 6). Translation efficiencies observed at specific reaction condi-
tions were normalized to those in PABP-depleted lysate (lane 4) which were set to
1. The individual data points of three independent experiments are depicted. The
mean values and standard deviations are shown by thick and thin bars, respec-
tively. Statistical significance is calculated by unpaired t-test: �P < 0.05.

Figure 4. The bent structure of poly(A)-bound PABP facilitates the formation of
80S ribosomal complex. Sucrose density gradient analyses were performed on
mock-depleted HeLa lysates (Control lysate), PABP-depleted lysates supplemented
with translation buffer (buffer), WT PABP (WT PABP), or PABP 2–3 mutant (PABP
2–3 mt). In vitro translation reactions were executed as described in the legend to
Fig. 3 except that cycloheximide (20 mM final) was added in the reaction mixtures.
The amounts of 80S complex on [32P]-labeled reporter RNAs were monitored by
sucrose density gradient analyses after incubation of HeLa lysates at 30�C for
15min.
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rather than mRNA-unbound PABPs. Given that the level of
PABP is about»6-fold higher than that of eIF4G in cells,12,18 an
interaction between eIF4G and mRNA-unbound PABP would
potentially sequester eIF4G and prevent it from executing its
functions in translation. We also found that eIF4E augments the
binding of eIF4G to poly(A)-bound PABP (Fig. 5B, compare
lanes 10 and 11 with lanes 8 and 9). Mechanistically, this ensures
that an eIF4F complex (composed of eIF4G, eIF4E, and eIF4A),

which facilitates cap-dependent translation through an interac-
tion between eIF4E and the 50 cap, is recruited to the mRNA-
bound PABP rather than monomeric eIF4G that cannot bind to
the 50 cap. This would be a critical preference, since cells contain
»2.5-fold more eIF4G than eIF4E.18 In this study, we provided
evidences that a conformational change of PABP induced by
poly(A) tail-binding plays an important role in the communica-
tion between a PABP on the 30 tail of an mRNA and an eIF4F on
the 50 cap structure of the mRNA which is required for enhanc-
ing translation initiation.We also propose the molecular mecha-
nism underlying the balanced interactions among translation
factors eIF4E, eIF4G, and PABP which exist seemingly unbal-
anced amounts in cells.

Materials and methods

Plasmids

A plasmid expressing a mutant PABP that failed to
undergo bending upon poly(A) binding (pQE31-PABP 2–3
mt-Flag) was generated by site-directed mutagenesis: linker 2
was replaced with linker 1 using specific primers: (forward,
50-TCCTAAATGATCGCAAAGTATTTGTTGGACGATT
TAAGTCTGATCCATCACTTCGCAAAAGTGGAGTATT
CACCAATGTTTACATCAAGAATTTTGGAGAAGA
CATGGA-3TT and reverse, 5 0-TCCATGTCTTCT
CCAAAATTCTTGATGTAAACATTGGTGAATACTC
CACTTTTGCGAAGTGATGGATCAGACTTAAATCGTC
CAACAAATACTTTGCGATCATTTAGGA-30). The con-
struction of pQE31-PABP-Flag was described in a previous
report.10 pET28a-RRM2-3 was constructed by PCR amplifica-
tion of full-length human PABP using specific primers (for-
ward, 5 0 -GCTAGCGGAGTAGGCAACATATTCATTA
AAAAT-30; and reverse, 50 -GGATCCTTATTTCTGAGCTC
GACCAACATAAAT-30). pET28a-RRM2-3 mt was generated
by site-directed mutagenesis of the RRM2-3 fragment amplified
as described above. The PCR products were treated with NheI-
BamHI and ligated into NheI-BamHI-treated pET-28a.
pET28a-eIF4GN was generated by treating pcDNA 3.1-eIF4GI
with HindIII-Klenow-XhoI and ligating the obtained fragments
with NdeI-Klenow-XhoI-treated pET-28a. pGEX-eIF4E was
constructed by ligating HindIII-Klenow-NotI-treated eIF4E
into EcoRI-Klenow-NotI-treated pGEX-4T-3.

Protein expression and purification

For purification of His-PABP-Flag, His-PABP 2–3 mt-Flag,
His-RRM2-3, His-RRM2-3 mt, and His-eIF4G-N, E. coli M15
cells were transformed with pQE-PABP-Flag or pQE-PABP 2–
3 mt-Flag, and E. coli Bl21 cells were transformed with pET-
RRM2-3, pET-RRM2-3 mt, or pET-eIF4G-N. Proteins were
induced with 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) at 16C for 16 h. The cells were harvested and lysed in
lysis buffer [50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1% Tri-
ton X-100, 5 mM b-mercaptoethanol, 20 mM imidazole, 10%
glycerol], and the His-tagged recombinant proteins were puri-
fied with Ni-NTA beads (Qiagen). For purification of GST-
eIF4E, E. coli Bl21 cells were transformed with pGEX-eIF4E
and lysed with lysis buffer [50 mM Tris-HCl (pH 7.5), 300 mM

Figure 5. Interactions of eIF4G-N with WT PABP or PABP 2–3 mt. (A) The interac-
tion between purified eIF4G-N and poly(A)-bound RRM2-3 (lanes 5 and 7) or
RRM2-3 mt (lanes 6 and 8). Poly(A) pull-down experiments were performed by
incubating purified eIF4G-N with poly(A) beads pre-incubated with RRM2-3 (lane
7) or RRM2-3 mt (lane 8). Western blotting was performed with anti-eIF4GI (upper
panel) and anti-His (to detect PABP; lower panel). (B) The interactions of poly(A)-
bound WT PABP (lanes 5 and 7) or PABP 2–3 mt (lanes 6 and 8) with purified
eIF4G-N and eIF4E. Poly(A) pull-down experiments were performed with eIF4E,
eIF4G-N, and WT PABP or PABP 2–3 mt. Western blotting was performed with
anti-eIF4E (upper panel), anti-eIF4GI (middle panel), or anti-Flag (to detect PABP;
lower panel). (C) The interaction of eIF4G-N with WT PABP or PABP 2–3 mt in the
presence or absence of poly(A)25 RNA. Recombinant WT PABP or PABP 2–3 mt pro-
teins were incubated with eIF4G/eIF4E complexes, and Flag immunoprecipitations
were used to pull down eIF4G in the presence (lanes 7 and 8) or absence (lanes 5
and 6) of poly(A)25 RNA. Lanes 1–3 depict input controls loaded with 20% of the
proteins used in the reactions. Western blot analyses were performed with anti-
eIF4E (upper panel), anti-eIF4GI (middle panel) and anti-Flag (to detect PABP;
lower panel).
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NaCl, 1% Triton X-100, 5 mM b-mercaptoethanol, 1 mM
reduced glutathione, 10% glycerol], and proteins were purified
using glutathione-Sepharose 4B beads (GE Healthcare). The
purity, concentration and stability (melting temperature: Tm)
of purified WT PABP and PABP 2–3 mt were similar as shown
in Fig. S1.

Single-molecule FRET and data analysis

smFRET experiments were performed as previously
described.10 Equal amounts (10 nM) of RRM2-3, RRM2-3 mt,
WT PABP, or PABP 2–3 mt were infused into the flow cham-
ber, which was coated with Dy 547-labeled poly(A)25 RNA.
smFRET signals were collected, and data analysis was per-
formed as previously described.10

Electrophoretic mobility shift assay (EMSA)

Poly(A)25 RNA was subjected to 50 32P labeling and incubated
with increasing amounts of WT PABP or PABP 2–3 mt.
PABP-bound poly(A)25 [PABP-poly(A) complex] and free poly
(A)25 RNA were separated by native gel electrophoresis, and
quantification was performed.

Preparation of PABP-depleted lysates and in vitro
translation

Translation-competent HeLa cell lysates were prepared as
described previously.19 Lysates were incubated with GST-
Paip2-conjugated GSH beads to deplete the endogenous
PABP.15 In vitro-transcribed RNAs (final concentration, 5 nM)
were translated in 12.5 ml of PABP-depleted or control lysates
35% (v/v) in the presence of WT PABP or PABP 2–3 mt
(10 mg/ml). In vitro translation reactions and luciferase activity
measurements were performed as previously described.20

Sucrose density gradient analyses

Sucrose density gradient analyses of HeLa cell lysates were per-
formed as described previously19 with minor modifications. In
vitro translation reaction mixtures (50 ml) composed of HeLa
cell lysates were incubated with 20 mM cycloheximide (CHX)
at 30C for 15min. In the presence of cycloheximide, the 80S
ribosomal complexes are stalled on [32P]-labeled mRNAs con-
taining poly(A)120. The reaction samples were loaded onto 5–
20% sucrose gradients with sucrose buffer [50 mM HEPES (pH
7.4), 100 mM KOAc, 100 mM NH4Cl, 10 mM MgCl2, 2 mM
DTT and 0.1 mM EDTA] and centrifuged at 30000rpm in a
SW41Ti rotor (Beckman) at 4C for 3h. Fractions were collected
using a Brandel gradient density fractionator and an Econo UV
monitor (Bio-Rad), and the radioactivity on each fraction was
measured by using a scintillation counter.

Poly(A) pull-down assay

Freeze-dried Poly(A)-Sepharose 4B beads (GE Healthcare)
were swollen for 15 min in 0.1 M NaCl (pH 7.5) and washed
with binding buffer [40 mM HEPES-KOH (pH 7.5), 100 mM
KCl, 1 mM EDTA, 10 mM b-glycerophosphate, 10 mM NaF,

2 mM Na3VO4, 0.1% NP-40, 1 mM PMSF]. The beads were
equilibrated with five bed volumes of starting buffer and incu-
bated with WT or mutant PABPs and eIF4G-N at 4C for 1.5 h.
The beads were washed three times, and the proteins were
eluted, resolved by SDS-PAGE, and detected by Western blot
analysis.

Immunoprecipitation

Flag-antibody conjugated beads (anti-Flag M2 affinity gel;
Sigma) were washed in binding buffer [40 mM HEPES-KOH
(pH 7.5), 100 mM KCl, 1 mM EDTA, 10 mM b-glycerophos-
phate, 10 mM NaF, 2 mM Na3VO4, 0.1% NP-40, 1 mM
PMSF], and equal amounts of beads (10 ml) were incubated
with His-WT PABP-Flag or His-PABP 2–3 mt-Flag in the pres-
ence or absence of 20 nM poly(A)25 RNA in 700 ml of binding
buffer at 4C for 30 min. His-eIF4G-N/GST-eIF4E complexes
were added, and the mixtures were incubated at 4C for 30 min.
The beads were washed three times with binding buffer, and
the proteins were eluted, resolved by SDS-PAGE, and detected
by Western blot analysis.

Thermal shift assay

WT PABP or PABP 2–3 mt (1 mg each) were incubated in
50 ml of reaction buffer [10 mM Sodium Phosphate (pH 7.0),
100 mM NaCl and 5 x SYPRO orange dye (Sigma-Aldrich)].
Samples were incubated at 25C for 2 min, and the temperature
was gradually increased from 25C to 95C at the rate of 2C/min
by using a real-time PCR machine (Bio-Rad iQ5). Emitted fluo-
rescence intensity was measured by a real-time PCR machine
(Bio-Rad iQ5).
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