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ABSTRACT

Poly(A)-binding protein (PABP) is a translation initia-
tion factor that interacts with the poly(A) tail of mR-
NAs. PABP bound to poly(A) stimulates translation
by interacting with the eukaryotic initiation factor 4G
(eIF4G), which brings the 3′ end of an mRNA close to
its 5′ m7G cap structure through consecutive inter-
actions of the 3′-poly(A)–PABP-eIF4G-eIF4E-5′ m7G
cap. PABP is a highly abundant translation factor
present in considerably larger quantities than mRNA
and eIF4G in cells. However, it has not been elu-
cidated how eIF4G, present in limited cellular con-
centrations, is not sequestered by mRNA-free PABP,
present at high cellular concentrations, but asso-
ciates with PABP complexed with the poly(A) tail of an
mRNA. Here, we report that RNA-free PABPs dimer-
ize with a head-to-head type configuration of PABP,
which interferes in the interaction between PABP and
eIF4G. We identified the domains of PABP respon-
sible for PABP–PABP interaction. Poly(A) RNA was
shown to convert the PABP–PABP complex into a
poly(A)–PABP complex, with a head-to-tail-type con-
figuration of PABP that facilitates the interaction be-
tween PABP and eIF4G. Lastly, we showed that the
transition from the PABP dimer to the poly(A)–PABP
complex is necessary for the translational activation
function.

INTRODUCTION

The 5′ m7G cap and 3′ poly(A) tail are known to syner-
gistically stimulate translation by enabling mRNA circular-
ization through the interaction between PABP and eIF4G
(1–6). Findings from numerous studies have suggested that
the poly(A) tail significantly enhances the translation of un-
capped mRNAs, even though the extent of translational ac-

tivation is weaker than that of mRNA containing the m7G
cap and poly(A) elements together (7–10). Interestingly, sev-
eral reports have suggested that the m7G cap-binding pro-
tein eIF4E is not a rate-limiting factor in general transla-
tion, despite its low expression level in cells (11–13). The
depletion of eIF4E by 80–90% in various systems does not
affect the global protein synthesis rate (11,12), but the trans-
lation of specific mRNAs involved in the regulation of re-
active oxygen species requires eIF4E (13).

Considering the binding affinities of PABP to 3′ poly(A)
(dissociation constant (KD) = 0.67–7 nM) (14–17), PABP
to eIF4G (KD = 20 nM) (18), eIF4G to eIF4E (KD = 34.5–
74 nM) (19), eIF4E to the 5′ m7G cap (KD = 0.1–4.7 �M)
(19–22), and the intracellular concentrations of the proteins
(PABP, eIF4G (3-fold lower than that of PABP), and eIF4E
(6-fold lower than that of PABP)) (14,23), it is most likely
that translational initiation commences with the interac-
tion between PABP and the poly(A) tail, followed by that
between eIF4G and PABP-bound poly(A), between eIF4E
and the eIF4G-PABP–poly(A) complex, and eventually be-
tween the 5′ m7G cap and eIF4E-eIF4G-PABP–poly(A)
complex, through interactions in the order of 3′-poly(A)–
PABP-eIF4G-eIF4E-5′ m7G cap. Therefore, the interac-
tions between the poly(A) tail, PABP and eIF4G play piv-
otal roles in the initiation and regulation of translation in
eukaryotic cells.

PABP is composed of four RNA-recognition motifs
(RRMs) responsible for poly(A) binding and a hydropho-
bic C-terminal domain (CTD), which does not bind to
RNA, composed of a linker region (designated as Linker)
and MLLE (also known as PABC). Both RRMs and the
PABP C-terminal domain are involved in the interaction
with other proteins that modulate their translational func-
tion (24–26). For instance, PABP interacts with the scaf-
fold protein eIF4G through RRM2 (26), which is crucial
for the translational activation function of PABP. In con-
trast, PABP-interacting protein 2 (Paip2), which is a trans-
lation repressor, binds to two independent sites in RRM2-3
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and MLLE in PABP (24). Interestingly, several structural
studies have revealed that PABP undergoes a major con-
formational change upon poly(A) binding, and its bind-
ing to partners is allosterically regulated (27–29). In addi-
tion to the crystal structure of linear human PABP RRM1-
2 bound to poly(A)11 complex (27), a single-molecule
study has demonstrated that PABP undergoes a drastic
conformational change in which linker2, present between
RRM2 and RRM3, is sharply bent, leading to the posi-
tioning of RRM1 in close proximity of RRM4 in a sin-
gle PABP molecule (28). The conformational change in
PABP upon poly(A) binding was found to be necessary
for the interaction with eIF4G and its translational acti-
vation function (17). In a recent study, the sharp bend-
ing of PABP upon binding to poly(A) was confirmed in
the cryo-electron microscopy (cryo-EM) structure of yeast
PABP–poly(A)90 complex-associated Pan2-Pan3 deadeny-
lase (29). Multiple PABP molecules are unidirectionally
bound to poly(A) from 3′ to 5′, each molecule with a sharply
bent conformation, which results in a zigzag conformation
of the RNA–protein complex. The authors also showed
that poly(A)-bound PABPs interact with each other in a
head-to-tail configuration via interaction between RRM
1 and RRM 4 (Supplementary Figure S1). Collectively,
previous reports have indicated that various conforma-
tions of PABP play important roles in the regulation of its
function.

PABP is one of the most abundant proteins (∼4 �M
in HeLa cells) (14). According to previous findings, most
PABPs are not associated with poly(A) in cells as the molar-
ity of mRNAs is ∼16-fold lower than that of PABP (14,30),
and approximately two molecules of PABP are bound to
an mRNA, considering the average length of the poly(A)
tail of an mRNA (31,32). Therefore, only ∼13% of the
total PABPs are estimated to be associated with poly(A),
whereas approximately 87% of PABPs are not bound to
poly(A). Even after considering the PABP regulatory pro-
teins, such as Paip2 (present at concentrations 5–7-fold
less than that of PABP) (33), a substantial quantity of
PABPs is likely to remain in the free state in cells. The
reason for the presence of free PABP molecules in abun-
dance in cells and their role in translation are unknown.
Several reports have shown that PABP overexpression in
cells or the addition of excess recombinant PABP proteins
to cell-free translation systems severely inhibits translation
(17,34,35). The results suggest that the excess quantity of
idling poly(A)-unbound PABPs exerts a negative impact
on translation. Interestingly, the cellular concentration of
eIF4G is ∼3-fold lower than that of PABP (23), which in-
dicates that only approximately 30% of the total PABPs
in cells are able to associate with eIF4G at most. In other
words, eIF4G proteins can be sequestered to the abundant
poly(A)-free PABPs if the idling PABPs bind to eIF4G
as well as poly(A)-bound PABP. However, poly(A)-bound
PABP exhibits a considerably higher affinity for eIF4G than
poly(A)-unbound PABP (26), although the molecular ba-
sis for the preferential binding of eIF4G to mRNA-bound
PABP, without competition with RNA-free PABPs present
in large quantities, remains unknown. While the mechanism
by which poly(A)-bound PABPs enhance translation has
been studied extensively (35), neither the configuration of

poly(A)-free PABPs nor the molecular basis of the poor in-
teraction between eIF4G and poly(A)-free PABPs has been
elucidated.

Here, we attempted to evaluate the molecular basis of
the lack of interference by RNA-free PABPs in poly(A)-
dependent translation through the potential sequestration
of eIF4G. We found that RNA-free PABPs form a ho-
modimer through a direct protein-protein interaction in
the absence of poly(A). PABP dimer formation in an
RNA-independent manner was confirmed not only using
biochemical methods but also using cryo-EM. Moreover,
we identified the domains of PABP required for direct
PABP–PABP interaction using purified recombinant pro-
teins. Lastly, we demonstrated the importance of the dy-
namic conversion of the PABP configuration in translation
enhancement using a mutant PABP exhibiting stronger in-
teraction activity between RNA-free PABPs than between
wild-type PABP (PABP WT).

MATERIALS AND METHODS

Plasmids

The construction of pQE31-His-PABP-Flag has been de-
scribed previously (17). His-PABP-Flag variants express-
ing RRM1-2–3–4 (residues 2–371), RRM1–2–3 (residues
2–299), RRM1-2 (residues 2–180), RRM2-3 (residues 97–
299), RRM3-4 (residues 181–371), CTD (residues 372–
636), Linker (residues 372–543), MLLE (residues 544–
636), RRM2 (residues 97–175), RRM2-linker2 (residues
97–189), RRM3 (residues 190–299), and linker2-RRM3
(residues 176–299) were constructed as follows. The cor-
responding DNA regions were amplified using PCR with
the plasmid pQE31-His-PABP-Flag as a template. The
amplified DNA fragments were digested using NheI and
BamHI and then inserted into the pET28a vector digested
using NheI and BamHI. To construct GST-PABP, GST-
RRM2-3 (residues 97–299), and GST-CTD (residues 372–
636), the insert DNA was prepared by PCR amplifica-
tion using pQE31-His-PABP-Flag as a template. The in-
sert DNA digested using BamHI and XmaI was ligated
with a BamHI- and XmaI-digested pGEX4T3 vector. To
express 3 × FLAG-tagged PABP in mammalian cells, PABP
cDNAs were amplified using PCR with pQE31-His-PABP-
Flag as a template, digested with KpnI and BamHI, and
then inserted into KpnI- and BamHI-digested pcDNA3.1–
3 × Flag vector. Due to the technical issue of purifying
full-length eIF4GI, His-eIF4GN, which is a truncated hu-
man eIF4GI N-terminus that contains PABP- and eIF4E-
binding sites (residues 42–653 of eIF4GI) was used in the ex-
periments (17). The construction of pET28a-His-eIF4GN
and pGEX4T3-Paip2 has been described in a previous re-
port (17). The constructs expressing PABP 4EA mutants of
which four negatively charged glutamates (E) in the linker2
region (residues of E178, E180, E182 and E189) were sub-
stituted to alanines (A) were generated by site-directed mu-
tagenesis from pQE31-His-PABP-Flag, pGEX4T3-PABP,
and pcDNA3.1–3 × Flag PABP, respectively, using two
common primers (forward, 5′-AGAACGAGAAGCTGAA
GCTGGAGCTAGGGCAAAAG-3′; reverse, 5′-CTTTTG
CCCTAGCTCCAGCTTCAGCTTCTCGTTCT-3′).
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Protein expression and purification

His-PABP WT-Flag and His-PABP 4EA mutant-Flag were
expressed in Escherichia coli M15 cells. Cells were cultured
till an OD value of 0.3 was achieved, following which pro-
tein expression was induced by treatment with isopropyl-�-
D-thiogalactopranoside (IPTG; 0.2 mM) for 24 h at 15◦C.
Various His-PABP variants, His-eIF4GN, and GST-fused
proteins (GST-PABP WT, GST-PABP 4EA mutant, GST-
CTD, GST-RRM2-3, GST, and GST-Paip2) were expressed
in E. coli BL21 cells. Bacterial cells were cultured till an OD
value of 0.5 was achieved, following which protein expres-
sion was induced by treatment with IPTG (1 mM) for 3 h at
37◦C. Cells expressing His-tagged proteins (His-PABP WT-
Flag, His-PABP 4EA mutant-Flag, His-tagged PABP vari-
ants, and His-eIF4GN) were lysed with lysis buffer A (50
mM Tris–HCl (pH 7.5), 300 mM NaCl, 1% Triton X-100, 5
mM �-mercaptoethanol, 20 mM imidazole, and 10% glyc-
erol), and the proteins were purified with Ni-NTA beads
(Qiagen). For purifying GST-fused proteins, the cells were
lysed with lysis buffer B (50 mM Tris–HCl (pH 7.5), 300
mM NaCl, 1% Triton X-100, 5 mM �-mercaptoethanol, 1
mM reduced glutathione, and 10% glycerol), and the pro-
teins were purified using glutathione-Sepharose 4B beads
(GE Healthcare). The protein solutions were exchanged us-
ing dialysis buffer (10 mM HEPES–KOH (pH 7.5), 250 mM
KCl, 1 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, and 10%
glycerol) and aliquoted and stored after freezing in liquid
nitrogen. Purified proteins used in the experiments were re-
solved by SDS-PAGE and visualized by Coomassie Blue
staining (Supplementary Figure S2).

Estimation of protein size using size-exclusion chromatogra-
phy (SEC)

His-PABP WT-Flag or His-PABP 4EA mutant-Flag pro-
teins were loaded on a Superdex 200 10/300 GL column
(GE healthcare) equilibrated with dialysis buffer. The size
of PABP proteins was estimated based on the calibration
curve created using the sizes of standard proteins (Supple-
mentary Figure S3).

Preparation of cryo-EM grid and imaging

Purified His-PABP WT-Flag proteins were loaded onto a
Superdex 200 Increase 10/300 column (GE Healthcare),
and the fractions corresponding to the highest peak were
collected. The proteins were concentrated to 0.19 mg/ml,
and 4 �l of protein was applied to glow-discharged (0.39
mbar for 60 s) C-flat R1.2/1.3 (R1.2/1.3 400 meshes) grids.
The grids were blotted for 3 s with a blot force of 2. The
grids were vitrified into liquid ethane using Vitrobot Mark
IV at 10 ºC under 100% humidity. Cryo-EM data were col-
lected using a Talos Arctica microscope operated at 200 kV
equipped with a Gatan K3 direct detector operating in the
counted mode. A total of 1034 movies were recorded at a
nominal magnification of 100 000×, corresponding to 0.83
Å/pixel at the specimen level. During data collection, im-
ages were acquired at a total exposure of 49.76 e–/A˚2 at
the specimen level and evenly distributed over 50 frames for
3.23 s. A global defocus ranging from 0.8 to 2.8 mm was
used as the preset target.

Cryo-EM image processing

The image stack in the counted mode was aligned us-
ing cryoSPARC 3.2.0 (36). The contrast transfer function
(CTF) parameters of the micrographs were determined us-
ing CTFFIND4 (37). To obtain clear images, manual cu-
ration and sorting were performed, and ∼5000 particles
over 100 micrographs were manually picked to generate
templates for automatic picking. Initially, 100 228 parti-
cles were selected after automatic picking using cryoSPARC
3.2.0 (36). Several iterative rounds of two-dimensional (2D)
classifications were performed to remove false pickings and
classes with unclear features.

Electrophoretic mobility shift assay (EMSA)

A poly(A)25 RNA (Bioneer) was 5′-end-labeled using the
[32P] radioisotope, and unincorporated radioisotopes were
removed by phenol-chloroform extraction and ethanol pre-
cipitation. Radiolabeled RNAs were incubated with in-
creasing concentrations of His-PABP WT-Flag or His-
PABP 4EA mutant-Flag proteins for 15 min on ice in a bind-
ing buffer (20 mM Tris–HCl (pH 8.0), 70 mM KCl, 0.05%
NP-40, 0.1 �g/�l BSA, 10% glycerol, and 1 mM DTT). The
PABP–poly(A)25 complex was resolved by electrophore-
sis in an 8% native polyacrylamide gel (acrylamide:bis-
acrylamide ratio of 60:1) in pre-cooled 0.5× TBE at 200 V
on ice. The gel was dried and analyzed by autoradiography
(Amersham Typhoon 5).

Flag-immunoprecipitation and GST pull-down assay

For Flag-immunoprecipitation, FLAG-antibody-
conjugated beads (Sigma) were prepared by washing
once with ice-cold immunoprecipitation buffer (40 mM
HEPES–KOH (pH 7.5), 100 mM KCl, 1 mM EDTA, 10
mM �-glycerophosphate, 10 mM NaF, 2 mM Na3VO4,
1% NP-40 and 1 mM PMSF). Flag-tagged PABP was
incubated with the beads for 30 min at 4◦C. After washing
the beads once, GST-PABP or His-eIF4GN proteins were
added to the bead solution and further incubated for
30 min at 4◦C. The beads were washed five times with
ice-cold immunoprecipitation buffer, and the bead-bound
proteins were eluted by adding sample buffer and boiling.
The proteins were resolved using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and analyzed using Western
blotting. For immunoprecipitation with mammalian cell
extracts, as shown in Figure 1D, Huh-7 cells were lysed
with ice-cold immunoprecipitation buffer. Cyanase (Ri-
boSolutions) (or an equal volume of immunoprecipitation
buffer) was added to the whole cell extract (WCE) and
incubated for 30 min at 37◦C. WCEs were pre-cleared with
Protein-G Agarose resin (Roche) for 1.5 h at 4◦C and then
incubated with Flag-antibody-conjugated beads (Sigma)
for 2 h at 4◦C under continuous rotation. The beads were
washed three times with immunoprecipitation buffer,
and the bead-bound proteins were eluted, resolved using
SDS-PAGE, and analyzed by Western blotting. To confirm
the digestion of endogenous RNAs using cyanase, RNAs
from each input sample were extracted using TRI-Solution
(Bio Science Technology) according to the manufacturer’s
instructions and loaded on a 1% agarose gel. The GST
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Figure 1. PABP forms a homo-dimer through a direct protein-protein interaction. (A) Size exclusion chromatography was carried out with Flag-PABP
proteins. Purified Flag-PABP proteins (4 �M) were injected into a Superdex 200 10/300 GL column (GE healthcare). Upper panel: Gel filtration profile of
PABP proteins. The positions of dimeric and monomeric PABPs are depicted by arrowheads. Lower panel: The proteins in each fraction resolved by 10%
SDS-PAGE and stained by Coomassie Blue. The bands depicted by asterisk (*) are likely either bacterial proteins co-purified with PABP or fragment(s) of
PABP generated during the purification steps. (B, C) The physical interaction between Flag-PABP and GST-PABP protein was investigated by (B) Flag-
immunoprecipitation and (C) GST pull-down experiments. Western blot analyses were performed with anti-Flag (to detect Flag-PABP) and anti-GST
(to detect GST-PABP) antibodies. (D) Confirmation of PABP–PABP interaction using cells. Flag-immunoprecipitation was performed with Huh7-cells
expressing 3x Flag-PABP to detect endogenous PABP with or without treatment of an RNase cyanase. Endogenous PABPs co-precipitated with Flag-
PABPs were monitored by Western blotting using an anti-PABP antibody (upper panel). The level of endogenous PABP was quantified and normalized
to the level of Flag-PABP in each lane. Actin was used as a negative control of non-specific binding of endogenous proteins with Flag resin or Flag-PABP
conjugated resin. Degradation of endogenous RNAs by the treatment of cyanase was confirmed by agarose gel electrophoresis of RNAs isolated from
input samples (lower panel).

pull-down assay was performed in a manner similar to
Flag-immunoprecipitation, except that GST-tagged pro-
teins were pre-incubated with glutathione-Sepharose 4B
beads (GE Healthcare) before Flag-tagged proteins were
added into the bead solution.

Poly(A) pull-down assay

Poly(A) sepharose-4B beads (GE Healthcare) were pre-
pared as previously described (17). His-PABP WT-Flag
or His-PABP 4EA mutant-Flag proteins were incubated
with the beads for 30 min at 4◦C, and the beads were
washed once with ice-cold immunoprecipitation buffer.
His-eIF4GN proteins were added and incubated for 30
min at 4◦C, following which the beads were washed
with ice-cold immunoprecipitation buffer three times. The
beads were boiled with sample buffer, and the proteins
were subjected to SDS-PAGE and analyzed using Western
blotting.

In vitro translation using PABP-depleted rabbit reticulocyte
lysate (RRL)

Nuclease-untreated RRL was purchased from Promega.
The lysates were incubated with GST-Paip2-conjugated
glutathione-Sepharose 4B beads (GE Healthcare) to de-
plete endogenous PABP, as described previously (38). For
controls, the same quantity of lysate was incubated with
GST-conjugated glutathione-Sepharose 4B beads. m7G
capped and poly(A)120-tailed mRNAs containing the Re-
nilla luciferase gene were synthesized via in vitro transcrip-
tion. In vitro translation was performed using the mR-
NAs (final concentration, 5 nM) in control or PABP-
depleted lysates supplemented with increasing concentra-
tions of His-PABP WT or PABP 4EA mutant proteins
(25–100 ng). The in vitro translation mixtures were in-
cubated at 30◦C for 20, 40, 60 and 80 min, and lu-
ciferase activities were measured to assess the translation
efficiency.
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Cell culture

Huh-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco BRL) supplemented with 10% fetal bovine
serum (PEAK) and 1% penicillin/streptomycin.

Cell transfection and luciferase assays

Cells with an approximate confluency of 70% were trans-
fected with a negative control siRNA and 3′ untranslated
region (3′UTR)-targeting siRNAs (CCUUAUGUACC-
GAGCAAAU = UU (sense); AUUUGCUCGGUA-
CAUAAGG = UU (anti-sense)) or PABP coding-region-
targeting siRNA #1 (Bioneer) (39) using Lipofectamine
3000 (Invitrogen) according to the manufacturer’s instruc-
tions. After 48 h of incubation, the cells were re-transfected
with a reporter DNA encoding Renilla luciferase (100 ng)
and various quantities of effector DNA encoding WT
PABP or the mutant PABP 4EA. At 24 h after the second
transfection, the cells were lysed using ice-cold immunopre-
cipitation buffer, and the Renilla luciferase activity in the
cell extracts was measured. To normalize the transfection
efficiency of reporter DNA in each well, total RNA from the
cell lysates was extracted using TRI-Solution (Bio Science
Technology) according to the manufacturer’s instructions.
The levels of Renilla luciferase and GAPDH mRNA were
measured via quantitative PCR with the LightCycler
480 system (Roche) using the following primers: Renilla
forward, 5′-TGTGCCACATATTGAGCCAG-3′; Renilla
reverse, 5′-CCAAACAAGCACCCCAATCA-3′; GAPDH
forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′;
GAPDH reverse, 5′-ACCACCCTGTTGCTGTAGCCAA-
3′. The MIQE (40) checklist is provided in Supplementary
Table S1.

RESULTS

PABPs form homodimers in the absence of RNA

PABP molecules are known to consecutively bind to the 3′
poly(A) tail of mRNAs, which leads to the formation of a
long chain of proteins associated with an mRNA; however,
the configuration of RNA-free PABP molecules remains
unknown. To investigate whether RNA-free PABPs also
form a protein complex similar to that formed by poly(A)-
associated PABPs, we synthesized and purified recombinant
PABP proteins containing a 6× His-tag at the N-terminus
and a 3× Flag-tag at the C-terminus (hereafter referred to
as Flag-PABP). PABP was treated with RNase A during pu-
rification to minimize potential contamination by endoge-
nous PABP-associated E. coli RNAs. The size of PABP was
estimated by SEC with purified proteins (Figure 1A). Sur-
prisingly, the size of PABP estimated according to the major,
prominent peak (13.37 ml) in SEC was approximately 151
kDa, which was approximately double the apparent molec-
ular weight of monomeric PABP (73 kDa) (Supplementary
Figure S3). Additionally, a minor peak (15.65 ml estimated
to be 56 kDa) was also observed, which was most likely the
peak of monomeric PABPs (Figure 1A). No peak was ob-
served for larger-sized PABPs (trimer or larger oligomer) in

the chromatograph. The results indicate that the majority
of PABP proteins exist in the dimeric form in the absence of
their binding counterpart, i.e. the poly(A) tail of an mRNA.
The proteins in each fraction (0.5 ml) were analyzed us-
ing SDS-PAGE and Coomassie Blue staining. Most PABP
molecules were eluted in the dimer fraction (13–14 ml, lanes
2 and 3 in Figure 1A, lower panel), whereas a small quan-
tity of PABP molecules was detected in the monomer frac-
tion (14.5–15.5 ml, lanes 5 and 6). Some proteins smaller
than PABP (denoted by * on lanes 6–9 in Figure 1A, lower
panel) were detected. These proteins were most likely PABP
fragments or the bacterial proteins co-purified with PABP.
Therefore, the considerable height of the monomeric peak
of monomeric PABP in the upper panel of Figure 1A was at-
tributed to the contaminating proteins present in fractions 5
and 6. The ratios of dimeric to monomeric PABP proteins,
which were measured by the band intensities of PABP in
the gel, were the same (9:1) at various PABP concentrations
near the physiological one (4 �M). This may indicate that
the RNA-free PABPs are in equilibrium between monomers
and dimers in favor of dimerization at physiological condi-
tions (Supplementary Figure S4).

To confirm the protein-protein interaction be-
tween RNA-free PABP molecules, we performed co-
immunoprecipitation (Co-IP) experiments using two PABP
variants with different tags (GST- and Flag-tags). We
cloned and purified both Flag-tagged and GST-tagged
PABP proteins and performed Co-IP experiments us-
ing a Flag antibody-conjugated resin (Figure 1B) or a
Glutathione Sepharose 4B resin (Figure 1C). As shown
in Figure 1B, GST-PABP protein co-precipitated with
the Flag-PABP protein but not with the negative control
(comparing lane 4 with lane 3 in Figure 1B). Conversely,
Flag-PABP co-precipitated with GST-PABP, but not with
the negative control GST (comparing lane 5 with lane 4
in Figure 1C). Collectively, the SEC and Co-IP results
indicate that RNA-free PABP proteins form homodimers
through direct protein–protein interactions.

In addition, we evaluated the interaction between RNA-
free PABPs in cell extracts treated with a non-specific
endonuclease (cyanase) that degrades all cellular nucleic
acids. We performed Co-IP experiments using cell ex-
tracts from Huh-7 cells ectopically expressing Flag-PABP
(Figure 1D). Flag-PABP was precipitated with a Flag
antibody-conjugated resin, following which both Flag-
PABP and endogenous PABP proteins co-precipitated by
Flag-PABP were visualized by Western blotting with a
PABP antibody. As shown in lanes 5 and 6 in Figure
1D, not only Flag-PABP but also endogenous PABP pro-
teins were precipitated in the resin-associated protein pool.
Of note, Flag-PABP is slightly larger than endogenous
PABP owing to the addition of the 3× Flag tags. The
removal of cellular RNA was confirmed by agarose gel
electrophoresis (Figure 1D, lower panel). The results also
indicate that the PABP–PABP complex is formed by di-
rect protein-protein interaction without assistance from
poly(A) RNA. Moreover, this result strongly supports the
formation of RNA-free PABP homodimers, which was
demonstrated using purified PABP proteins, as shown in
Figure 1A.
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The linker2-RRM3 and linker in CTD of PABP participate
in RNA-free PABP–PABP interaction

Several reports have suggested that the CTD of PABP plays
a role in cooperative binding to poly(A) by promoting inter-
molecular interactions between PABP molecules (15,41,42).
Using EMSA (15,41) or nanopore assays (42), the authors
suggested that the CTD participates in the PABP–PABP in-
teraction, since they observed the abrogation of the cooper-
ative binding of PABP molecules to a long poly(A) stretch
upon the deletion of the CTD sequence. Other attempts
have been made to identify the protein-protein interaction
domain in PABP molecules using [35S]-labeled PABP gener-
ated via in vitro translation in RRLs (41,43). The authors at-
tempted to identify the domains responsible for the PABP–
PABP interaction in co-precipitation experiments using var-
ious deletion mutants of GST-PABP (or His-PABP) and
[35S]-labeled PABP generated in RRL (41,43). However,
the results were contradictory, even though the approaches
were considerably similar in principle (see below). The rea-
son for this discrepancy remains unclear. We speculate that
the discrepancy could be attributed to the difference in
the protein-binding conditions, the presence or absence of
poly(A)-tailed mRNAs, and/or the presence of endogenous
proteins in RRL that interact with PABP directly or indi-
rectly.

To identify the domains responsible for PABP–PABP
dimer formation in the absence of poly(A) RNA, we gen-
erated and purified PABP variants spanning different parts
of PABP without contaminating proteins or RNAs. The
PABP variants contain either a Flag-tag or GST-tag to facil-
itate the purification and detection of the proteins via affin-
ity chromatography or Western blotting, respectively. The
PABP variants were expressed in E. coli. We generated GST-
tagged full-length PABP and Flag-tagged PABP variants,
as depicted schematically in Figure 2A. The interactions
between Flag-tagged PABP variants and GST-tagged full-
length PABP (GST-PABP (1–2-3–4-C)) were assessed using
Co-IP with a Flag antibody-conjugated resin. As shown in
Figure 1B, GST-PABP was co-precipitated with Flag-1–2-
3–4-C (2–636), but not with the negative control Flag resin
(compare lane 10 with lane 9 in Figure 2B). GST PABP
was co-precipitated with Flag-1–2-3–4 (2-371), Flag-1–2–
3 (2–299), Flag-2–3 (97–299), and Flag-C (372–636), but
not with Flag-1–2 (2–180) or Flag-3–4 (181–371) (lanes 11
to 16 in Figure 2B). Of note, full-length PABP can inter-
act with at least two independent regions of PABP, one of
them being domain 2–3, the common segment in domains
1–2–3–4, 1–2–3, and 2–3, which showed positive signals in
Co-IP experiments (lanes 11, 12 and 14 in Figure 2B). Do-
main 2–3, which showed a positive signal, contain an addi-
tional region named linker2 compared to domains 1–2 and
3–4, which showed no signals in Co-IP experiments (lanes
13 and 15 in Figure 2B). The results indicate that individu-
ally, domains 2 and 3 were unsuitable for the PABP–PABP
interaction. We also found that domain C contains an inde-
pendent PABP–PABP interaction domain (lane 16 in Fig-
ure 2B), but the binding affinity is much weaker than that
of domain 2–3 (compare lane 14 with lane 16 in Figure 2B).
The results indicate that the interaction through domain 2–
3 and CTD play the major and minor roles, respectively, in
the PABP–PABP interaction.

We further investigated whether domain 2–3 interacts
with domain 2–3 or domain C using GST-tagged domain
2–3 (GST-2–3) and GST-tagged domain C (GST-C) se-
quences, respectively. GST-C co-precipitated with Flag-C,
but not with Flag-1–2–3–4 (Figure 2C). Conversely, GST-
2–3 co-precipitated with Flag-1–2–3–4, but not with Flag-
C (Figure 2D). The results indicate that the RRM domains
interact with RRM domains and the CTD interacts with
the CTD. In other words, PABP forms a dimer through
head-to-head interaction in the absence of RNA. We fur-
ther attempted to identify the site responsible for the RRM-
to-RRM interaction in PABP. We performed Co-IP with
GST-2–3 and truncated variants of PABP named Flag-1–
2, Flag-2–3, and Flag-3–4 (Figure 2E). GST-2–3 was found
to interact with Flag-2–3 (lane 13 in Figure 2E) as well as
Flag-1–2–3–4 (lane 11 in Figure 2E). Unexpectedly, Flag-
3–4 was also slightly precipitated with GST-2–3 (lane 14 in
Figure 2E), although to a much lesser extent than Flag-2–3
(see below). Conversely, Flag-1–2 did not precipitate with
GST-2–3 (lane 12 in Figure 2E).

We further attempted to identify the essential regions in
RRM2–3 and CTD required for the PABP–PABP inter-
action. RRM2-3 was divided into four subparts (RRM2,
RRM2-linker2, RRM3, and linker2-RRM3), and the
protein-protein interactions between RRM2-3 and the
subparts was tested using Co-IP with a Flag antibody-
conjugated resin (Supplementary Figure S5). The linker2
sequence is present in the region between RRM2 and
RRM3, spanning amino acids 176 to 189. GST-2–3 co-
precipitated with Flag-linker2-RRM3 (176–299) (lane 12
in Supplementary Figure S5B) as well as Flag-RRM2-3
(97–299) (lane 8 in Supplementary Figure S5B), but not
with the three other variants Flag-RRM2 (97–175), Flag-
RRM2-linker2 (97–189) and Flag-RRM3 (190–299) (lanes
9–11, Supplementary Figure S5B). The results suggest that
the region spanning linker2-RRM3 is necessary and suffi-
cient for the PABP–PABP interaction, whereas RRM2 is
not necessary for this interaction. Of note, as shown in Fig-
ure 2E, Flag-RRM3-4 contain a part of the linker2 region
(amino acids 181–189) at the N-terminal end of RRM3-4.
We expect that the partial linker2 region likely contributes
to the weak interaction of Flag-RRM3-4 with GST-RRM2-
3, as shown in Figure 2E. CTD was divided into two sub-
parts (Linker and MLLE), and the protein-protein interac-
tions between CTD and the subparts was tested using Co-
IP with a Flag antibody-conjugated resin (Supplementary
Figure S6). GST-C co-precipitated with Flag-Linker (372–
543) (lane 7 in Supplementary Figure S6B) as well as Flag-
C (372–636) (lane 6 in Supplementary Figure S6B), but not
with Flag-MLLE (544–636) (lane 8 in Supplementary Fig-
ure S6B). The results indicate that the Linker in CTD is nec-
essary and sufficient for the interaction between CTDs. Col-
lectively, our data suggest that PABP homodimerization is
mediated by two independent domains: linker2-RRM3 and
the Linker in CTD. The PABP homodimer model with a
head-to-head configuration, which was hypothesized from
our findings, is depicted in Figure 2F.

We attempted to determine the cryo-EM structure of
RNA-free PABPs to validate our PABP homodimer model
(Figure 2G). We isolated RNA-free PABP dimers using
size exclusion chromatography (Figure 1A) and performed
cryo-EM for structural analysis. Using 2D classification, we
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Figure 2. Determination of domains in PABP required for the PABP–PABP interaction. (A) Schematic diagram of Flag-tagged PABP and its variants with
deletion mutations. (B) Co-immunoprecipitation of GST-tagged full-length PABP with Flag-tagged PABP variants. Flag-PABP variants and GST-PABP
mixtures were incubated and precipitated by a Flag antibody-conjugated resin. The resin-bound proteins were visualized by Western blotting using the
indicated antibodies. (C) Interaction between C-terminal domain and C-terminal domain of PABP. Flag-1–2–3–4 (2-371) or Flag-C (372–636) proteins were
incubated with GST-C (372–636) proteins and a Flag antibody-conjugated resin. The resin-bound proteins were visualized by Western blotting using the
indicated antibodies. (D) Interaction between RRM2-3 (97–299) and RRM1-2–3–4 (2–371) of PABP. GST-2–3 (97–299) protein was incubated with Flag-
1–2–3–4 (2–371) or Flag-C (372–636) protein and a Flag antibody-conjugated resin. The resin-bound proteins were visualized by Western blotting using
the indicated antibodies. (E) Interaction between RRM2-3 (97–299) and RRM2-3 (97–299) of PABP. GST pull-down assays were performed with GST
(lanes 7–10) or GST-2–3 (97–299) proteins (lanes 11–14) to pull-down Flag-tagged PABP truncation mutants [Flag-1–2–3–4 (2–371), Flag-1–2 (2–180),
Flag-2–3 (97–299), and Flag-3–4 (181–371)]. The resin-bound proteins were visualized by Western blotting using the indicated antibodies. (F) A schematic
drawing of PABP homo-dimer with a head-to-head orientation. RNA-free PABPs form a homo-dimer by interaction through two independent domains
of 1) linker2-RRM3 and 2) C-terminal domain. (G) Cryo-EM structure of RNA-free PABP proteins. (Upper panel) Representative micrograph images of
RNA-free PABPs in C-flat grids after motion correction and dose weighting. After motion correction, contrast transfer function (CTF) estimation was
performed to discard poor images. The motion correction was performed by full-frame motion correction with cryoSPARC (36), and CTF was estimated
by using CTFFIND4 (37). Micrograph image size is 4096 × 5760 pixel size (0.83 Å/pixel). (Lower panel) 2D classification from finally yielded images. A
total of 1034 micrographs were analyzed. Five classes in the upper row represent thread-shaped 2D classes of PABP particles. The thread shaped classes,
especially the third class, look like two threads are aligned in a head-to-head configuration. Five classes in the lower row represent 2D class of PABP
particles with a butterfly-shape with the central parts associated together.

found that RNA-free PABP proteins form a thread-like (up-
per row of lower panel in Figure 2G) or a butterfly-like con-
formation (lower row of lower panel in Figure 2G). Among
the thread-shaped 2D PABPs, some molecules showed two
threads aligned in a head-to-head (or tail-to-tail) configura-
tion, whereas among the butterfly-shaped PABPs, the mid-
dle parts of the molecules were found to associate with each
other while the N- and C-terminal ends remained flexible.
We speculate that the middle region of the two RNA-free
PABPs are connected to each other through the interaction
between the linker2-RRM3s of PABP, whereas the N- and
C-terminal ends remain flexible as they do not interact with

each other and move freely. The interaction between CTDs
may not be observed in the structural analysis, possibly ow-
ing to the weak binding affinity and the unstructured nature
of the domain (44). The flexible nature of RNA-free PABP
was previously demonstrated using single-molecule fluores-
cence resonance energy transfer technology (28). Although
we could not determine the three-dimensional structure of
RNA-free PABP at high resolution owing to its highly flex-
ible nature, we could confirm that RNA-free PABPs form
a homodimer via a connection in the middle region not
only using biochemical methods but also using the cryo-EM
technique.
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The PABP homodimer dissociates upon binding to poly(A)
RNA

As described above, PABP strongly binds to poly(A) RNA
at a sub-nanomolar range of KD values (14–17), and a dras-
tic conformational change is induced at the linker2 region
between RRM2 and RRM3 upon the binding of poly(A)
RNA (28). Since linker2-RRM3 also participates in the
PABP–PABP interaction as shown in Figure 2 and Supple-
mentary Figure S5, we investigated the effect of poly(A)–
PABP binding on the PABP–PABP interaction. We per-
formed Co-IP experiments using GST-PABP and Flag-
PABP proteins in the presence of increasing concentra-
tions of poly(A)25 RNA (Figure 3A). In the experiments,
we used poly(A) RNA containing 25 adenosine monophos-
phates that allowed the binding of only one PABP molecule
(45) to exclude the experimental complications attributed
to PABP–PABP interaction(s) among the molecules associ-
ated with a long poly(A) RNA. After pre-incubation of the
GST-PABP and Flag-PABP proteins with Flag-conjugated
beads, we added increasing concentrations of poly(A)25 till
the concentration was equal to the sum of the concentra-
tions of GST-PABP and Flag-PABP proteins (referred to
as 1×). The gradual inhibition of the PABP–PABP interac-
tion was observed in response to the increase in poly(A)25
concentration (comparing lanes 4 to 7 in Figure 3A), indi-
cating that poly(A)25 inhibits the homodimerization activ-
ity of PABP. We speculate that the drastic conformational
change in the linker2 sequence of PABP and/or the poten-
tial shielding of the PABP–PABP interaction site in RRM3
induced by poly(A) binding may contribute to the inhibi-
tion of the formation of PABP homodimer.

The inhibition of the PABP–PABP interaction by
poly(A)25 was unanticipated as the CTD, which does not
interact with poly(A), is sufficient for protein-protein in-
teractions (Figure 2C). Indeed, the interaction between
CTDs (Flag-C and GST-C), which do not contain an RNA-
binding domain, was not inhibited upon the addition of
poly(A)25 (comparing lanes 4–7 in Figure 3B). Interest-
ingly, the interaction between the CTD of PABP (GST-C)
and full-length PABP (Flag-PABP), which contained RNA-
binding domains, was completely inhibited upon the addi-
tion of poly(A)25 (Figure 3C, comparing lanes 4–7 in Figure
3B). We speculate that the poly(A) RNA bound to RRMs
inhibit the interaction between CTDs either by putative
steric hindrance or by a putative conformational change of
the protein-protein interaction site within the CTD. Fur-
ther investigation is required to determine the molecular
basis of this unusual phenomenon. Collectively, our data
suggest that two PABP molecules interact with each other
to form a homodimer in the absence of poly(A), and the
protein-protein interaction is disrupted upon the associa-
tion of PABP with poly(A) RNA.

Generation of a PABP mutant that tends to dimerize

To investigate the role of PABP dimerization in transla-
tional activation, we generated a PABP mutant that affects
the interaction between PABP molecules. We focused on the
linker2 region as it is essential for PABP homodimeriza-
tion (Figure 2). Notably, the linker2 region (residues 176–
189) is one of the most phylogenetically conserved regions

Figure 3. Poly(A) RNA disrupts PABP–PABP interaction. (A) The effect
of poly(A)25 RNA on the PABP–PABP interaction was examined by Flag-
immunoprecipitation in the presence of increasing amounts of poly(A)25
RNA. Flag-PABP and GST-PABP proteins were incubated together with
a Flag resin, and unbound proteins washed away once. Increasing amounts
of poly(A)25 RNAs up to the concentration of total PABP proteins (repre-
sented as 1 x) were added to the mixtures and incubated again. The resin-
bound proteins were visualized by Western blotting using the indicated an-
tibodies. (B) The effect of poly(A)25 RNA on the interaction between GST-
C and Flag-C was examined by Flag-immunoprecipitation in the presence
of increasing amounts of poly(A)25 RNA similarly to panel (A). (C) The ef-
fect of poly(A)25 RNA on the interaction between GST-C and Flag-PABP
was examined by Flag-immunoprecipitation in the presence of increasing
amounts of poly(A)25 RNA similarly to panel (A).

in PABP (Figure 4A). It is composed of consecutive posi-
tively and negatively charged residues, which are highly con-
served, and more than half of which are charged. We tested
the effects of the changes in the negatively charged residues
(glutamate (E)), as the positively charged residues could po-
tentially interact with the poly(A) sequence. Among the sev-
eral mutants tested, a PABP mutant with glutamate (E)-
to-alanine (A) substitutions at the four glutamate residues
in the linker2 region (referred to as PABP 4EA) exerted
a strong effect on PABP homodimerization (Figure 4).
First, purified Flag-PABP 4EA proteins formed a promi-
nent dimer peak (134 kDa, 13.65 ml) and a very small
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Figure 4. Mutations of four glutamates (Es) to alanines (As) in the linker2 region increase the RNA-free PABP–PABP interaction. (A) Sequence alignment
of linker2 region of PABP homologs from diverse organisms. Four negatively-charged glutamates (E178, E180, E182, E189) in the linker2 region were
mutated to alanines. (B) Homo-dimerization of PABP 4EA mutant protein. Size exclusion chromatography was performed with Flag-PABP 4EA mutant
proteins as described in Figure 1A. Upper panel: Gel filtration profile of 4EA mutant PABPs. The positions of dimeric and monomeric PABPs are depicted
by arrowheads. Lower panel: The proteins in each fraction resolved by 10% SDS-PAGE and stained by Coomassie Blue. The bands depicted by asterisk
(*) are likely either bacterial proteins co-purified with PABP or fragment(s) of PABP generated during the purification steps. (C) The interaction between
4EA mutant proteins was greatly increased compared with the interaction between PABP WTs. Co-immunoprecipitation experiments were performed with
GST-PABP WT and Flag-PABP WT pair or with GST-PABP 4EA mutant and Flag-PABP 4EA mutant pair using a flag antibody-conjugated resin to
isolate wild type PABP (lane 7) and 4EA mutant PABP complexes (lane 8), respectively.

monomer peak (52 kDa, 15.81 mL) (Figure 4B). Second,
the tendency of dimerization of PABP WT and PABP 4EA
was also tested in Co-IP experiments. GST-PABP WT and
GST-PABP 4EA co-precipitated with Flag-PABP WT and
Flag-PABP 4EA, respectively (lanes 7 and 8 in Figure 4C).
In contrast, the negative control Flag resin did not precipi-
tate either GST-PABP WT or GST-PABP 4EA (lanes 5 and
6 in Figure 4C). Importantly, Flag-PABP 4EA proteins co-
precipitated by the corresponding pair was approximately
3-fold greater than that of Flag-PABP WT co-precipitated
by the corresponding pair (comparing lane 8 with lane 7 in
Figure 4C). The results indicate that PABP 4EA exhibits a
stronger dimerization tendency than PABP WT.

The PABP–PABP interaction interferes with the PABP-
eIF4G interaction

The interaction between PABP and eIF4G, the latter being a
scaffold protein that connects PABP with eIF3/eIF4A and
the m7G cap-binding protein eIF4E to promote translation
initiation, is necessary for the translational activation func-
tion of PABP (35). To investigate the effect of PABP dimer-
ization on translation, we investigated the effect of strength-
ened PABP dimerization on eIF4G binding to PABP. We
compared the binding of eIF4G to PABP WT and PABP
4EA in the presence or absence of poly(A) in Co-IP ex-
periments. In the experiments, we used a truncated human
eIF4GI containing PABP- and eIF4E-binding domains

(residues 42–653 of eIF4GI, designated as eIF4GN) owing
to the technical challenges in the purification of full-length
human eIF4GI protein (17). In the absence of poly(A),
eIF4GN bound to PABP 4EA was ∼3-fold lower than that
of eIF4GN bound to PABP WT (compare lane 6 with lane
5 in Figure 5A). This result indicates that the PABP–PABP
interaction weakens the eIF4G-PABP interaction in the ab-
sence of poly(A) RNA. Conversely, eIF4GN that was co-
precipitated with PABP 4EA bound to poly(A) using a
poly(A) RNA resin (Sepharose resin conjugated with ∼100
nt long poly(A)) was the same as that of eIF4GN that co-
precipitated with PABP WT bound to poly(A) (comparing
lane 7 with lane 8 in Figure 5B). These results indicate that
eIF4G exhibits the same affinities for RNA-bound PABP
4EA and RNA-bound PABP WT. Based on these results, we
speculate that the eIF4G-binding site, present in the RRM2
of PABP (26), is shielded, at least in part, in a PABP ho-
modimer, even though it is present outside the PABP–PABP
interaction domains (linker2-RRM3 and linker of CTD). It
implies that the conformational change in PABP induced by
poly(A) binding is a prerequisite for promoting the binding
of eIF4G to PABP. In fact, we previously reported that the
poly(A)-binding of PABP induces a major conformational
change in the linker2 region (28), which is necessary for
the interaction with eIF4G (17). Therefore, the conforma-
tional change induced at the linker2 region upon poly(A)-
binding appears to lead to two events: 1) Dissociation of
the PABP homodimer, and 2) association of eIF4G with
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Figure 5. Protein-protein interaction between eIF4G and PABP WT or
4EA mutant. (A) The interaction between eIF4G and RNA-free PABPs.
Flag-PABP WT or Flag-PABP 4EA proteins were incubated with a Flag
resin, and then incubated with His-eIF4GN proteins. His-eIF4GN pro-
teins associated with Flag-PABP WT (lane 5) or Flag-PABP 4EA proteins
(lane 6) were visualized by Western blotting with an anti-eIF4G antibody.
(B) The interaction between eIF4G and poly(A)-bound PABPs. Poly(A)
pull-down experiments were performed with His-eIF4GN proteins and ei-
ther Flag-PABP WT (lane 7) or Flag-PABP 4EA (lane 8) proteins. Resin
bound proteins were visualized by Western blotting with the indicated an-
tibodies.

poly(A)-bound PABP. Through these events, eIF4G pref-
erentially binds to poly(A)-bound PABPs rather than to
RNA-free PABPs existing as homodimers.

Increased PABP–PABP interaction inhibits the transition of
a PABP homodimer to a PABP–poly(A) complex

We found that the poly(A) binding of PABP leads to the
inhibition of the PABP dimerization (Figure 3). To assess
whether the increased interaction between PABP molecules
affects the interaction of PABP with poly(A) RNA or vice
versa, we investigated the PABP–PABP interaction between
PABP 4EA mutants in the presence of increasing concentra-
tions of poly(A)25 (Figure 6A). For this experiment, GST-
PABP 4EA and Flag-PABP 4EA proteins were purified,
and the PABP–PABP interactions were studied using Co-
IP with a Flag antibody-conjugated resin. Increasing con-
centrations of poly(A)25 RNA was added (up to the con-
centration of total PABP proteins (referred to as 1×)), and
GST-PABP 4EA co-precipitated by Flag-PABP 4EA was
measured using Western blotting. The interaction between

PABP 4EA mutants decreased gradually with the addition
of increasing concentrations of poly(A)25 RNA; however,
the decreasing extent of interaction between PABP 4EA
mutants by poly(A) RNA was considerably less significant
than that of PABP WT (comparing lanes 4–7 of Figures
3A and 6A). In case of PABP WT, the PABP–PABP inter-
action was remarkably suppressed upon the addition of a
low concentration of poly(A)25. Approximately 81% reduc-
tion was observed upon the addition of 0.25 × poly(A)25
RNA, and almost no PABP–PABP interaction was ob-
served when 0.5× poly(A)25 was added to the reaction mix-
ture (Figure 3A). On the contrary, in case of PABP 4EA,
only 19% reduction of the PABP–PABP interaction was ob-
served when 0.25× poly(A)25 RNA was added, and 27%
PABP–PABP interaction was retained even after the addi-
tion of 1× poly(A)25 RNA (lanes 4–7 in Figure 6A). This
result indicates that PABP 4EA molecules, which contain
mutations that augment PABP–PABP interaction, exhibits
a lower tendency of conversion from PABP homodimer to
poly(A)–PABP complex in the presence of poly(A) RNA.

We measured the binding affinities of PABP WT and
PABP 4EA to poly(A)25 using EMSA (Figure 6B). We cal-
culated the KD values of the PABP–poly(A)25 RNA interac-
tion by measuring the disappearance of radioactivity at the
free poly(A)25 RNA band position. The KD values of PABP
WT and PABP 4EA with poly(A)25 RNA were ∼0.5 and
∼2.2 nM, respectively. It indicates that PABP WT exhibits
a higher affinity than PABP 4EA to a short poly(A) RNA,
which allows the binding of a single PABP molecule. No-
tably, the supershift in RNA (denoted as *) was shown when
PABP proteins were added at a high concentration (Figure
6B). We speculate that more than one PABP molecule may
be associated with the poly(A)25 RNA, possibly through a
PABP–PABP interaction. The supershift in response to a
high PABP concentration was observed in both PABP WT
and PABP 4EA (Figure 6B). Interestingly, the supershift
band appeared firstly at 64 and 16 nM of PABP WT and
PABP 4EA, respectively. The supershift at a lower concen-
tration of PABP 4EA compared with PABP WT is likely
attributed to slower transition from dimer to monomer of
PABP 4EA, as shown in Co-IP experiments (Figures 3A and
6A). Taken together, these results indicate that increased
PABP–PABP interaction partially hampers poly(A) binding
and the transition from the RNA-free dimer to the poly(A)–
PABP complex.

The transition of a PABP homodimer to a poly(A)–PABP
complex is necessary for the translational activation function
of PABP

To investigate whether the homodimerization of PABP af-
fects its translation activation function, we performed in
vitro translation experiments using PABP-depleted RRLs
supplemented with purified PABP WT or PABP 4EA
proteins (Figure 7B). Endogenous PABPs were depleted
from RRLs by incubating the lysates with GST-Paip2-
conjugated glutathione Sepharose beads, as described pre-
viously (38). Lysates incubated with GST-conjugated beads
were used as a control. We confirmed the depletion of en-
dogenous PABPs from RRLs by Western blotting using a
PABP antibody (Figure 7A). In PABP-depleted lysates, the
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Figure 6. Transition from PABP homo-dimer to poly(A)–PABP complex is hampered by increased PABP–PABP homo-dimer interaction. (A) Dissociation
of the PABP 4EA-PABP 4EA homo-dimer by poly(A)25 RNA. Flag-immunoprecipitation experiments were performed similarly to Figure 3A, except
that Flag-PABP 4EA and GST-PABP 4EA were used instead of Flag-PABP WT and GST-PABP WT in these experiments. Resin bound proteins were
visualized by Western blotting with the indicated antibodies. (B) PABP 4EA has a lower binding affinity than PABP WT to poly(A)25 RNA. Electrophoretic
mobility shift assays were performed with radiolabeled [32P]-poly(A)25 RNA (1 nM) and serially increasing amounts of Flag-PABP WT or Flag-PABP
4EA mutant proteins in the range from 125 pM to 256 nM. (Left panel) A representative image of 6% native acrylamide gel showing an upper-shift of
radiolabeled poly(A)25 probes through associations with PABP proteins. The asterisks (*) depict the supershift bands of radiolabeled poly(A)25 probes at
high concentrations of PABP WT and 4EA proteins. (Right panel) The graph shows the radioactivities remained at the protein-free poly(A)25 RNA band.
The binding affinity (KD value) was calculated with the remaining radioactivity of protein-free poly(A)25 probes on each lane.

translation efficiency of a 5′-m7G capped and 3′-poly(A)120-
tailed mRNA of the Renilla luciferase gene decreased dras-
tically compared to that in undepleted lysates (∼80% re-
duction; comparing the white columns in Figure 7B). This
result indicates that PABP plays a key role in translation.
To determine whether the translational efficiency can be
recovered by supplementation with PABP WT or PABP
4EA, in vitro translation reactions were performed in PABP-
depleted lysates after adding PABP WT or PABP 4EA pro-
teins at various concentrations (25 to 100 ng). Upon the ad-
dition of WT PABP proteins, translation was gradually re-
covered with up to ∼73% of undepleted lysates when 50 ng
PABP WT proteins were added (black columns in Figure
7B). On the contrary, in PABP 4EA protein-supplemented
lysates, the translational efficiencies were restored only up
to ∼48% of that in undepleted lysates (hatched columns in
Figure 7B). Moreover, we monitored the effect of incuba-

tion time (20 min - 80 min) on translation efficiency (Supple-
mentary Figure S7). The difference between PABP WT and
PABP 4EA in augmenting translation reactions was clearly
observed at different time points (20, 40, 60 and 80 min),
but the patterns of translation efficiencies with the supple-
mentations of PABP WT or PABP 4EA were very similar
to each other at different time points (Supplementary Fig-
ure S7A–E). Notably, the highest translational efficiencies
were observed when the PABP-depleted lysates were supple-
mented with 50 ng of PABP WT or PABP 4EA proteins. Af-
terwards, the translational efficiencies decreased when pro-
teins were added at higher concentrations. By measuring
the level of endogenous PABP in the control lysate using
Western blotting (Figure 7C), we found that the reaction
mixture of control lysates (denoted by 1×) contains ∼60
ng of PABP proteins, similar to the concentration of sup-
plemented PABP that exhibited the highest translational
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Figure 7. Proper transition from a PABP homo-dimer to a poly(A)–PABP complex is required for translational activation function of PABP. (A) Depletion
of endogenous PABP from rabbit reticulocyte lysates was confirmed by Western blotting of control and PABP-depleted lysates with an anti-PABP antibody.
Actin was used as a control protein. (B) In vitro translation assays were performed using the PABP-depleted lysates supplemented with various amounts
of PABP WT or PABP 4EA proteins from 0 ng to 100 ng for 60 min. In vitro transcription was executed by T7 RNA polymerase with a template DNA
containing the Renilla luciferase gene followed by poly(A)120 sequence to produce 5′ capped and 3′ poly(A)-tailed mRNAs. Relative translational efficiencies
were calculated by normalizing translational efficiencies of the reporter mRNAs with various amounts of PABP WT or PABP 4EA to that in PABP-
undepleted control lysates which was set to 1. The relative translational efficiencies are depicted by the bar graphs. The white columns denoted as undepleted
and dPABP represent relative translation efficiencies of PABP-undepleted control and PABP-depleted lysates, respectively. The black and hatched columns
represent translation efficiencies of PABP-depleted lysates supplemented with PABP WT and PABP 4EA, respectively. In vitro translation reactions were
performed three times to acquire statistical values. The columns and bars represent the means and ± standard deviations, respectively. The average value is
depicted on the top of each column. P values less than 0.001 are given three asterisks (***). The amounts of supplemented proteins are depicted on the x-
axis. (C) The amount of endogenous PABP proteins in the PABP-undepleted control lysates was estimated by Western blotting with the control lysates and
purified PABP proteins of known concentrations. The amount of lysates used in one in vitro translation reaction is denoted as 1x. (D) Schematic diagram
of experimental design of in cellulo assays. Endogenous PABPs in Huh-7 cells were knocked-down by treatment of a siRNA targeting 3′UTR of PABP
mRNA. After 48 h treatment, effector DNAs (0–4 �g) containing PABP WT or PABP 4EA genes were transfected into the Huh-7 cells. Reporter DNAs
containing the Renilla luciferase gene were co-transfected with the effector DNAs to monitor translation efficiency of a capped and polyadenylated mRNA.
At 24 h after the DNA transfection, cells were lysed and luciferase activities in the lysates were measured. (E) Knock-down efficiency of endogenous PABPs
in Huh-7 cells was monitored by Western blotting using an anti-PABP antibody. Dramatic decrease of PABP levels was observed by both siRNAs targeting
the coding sequence (lane 2) and 3′UTR (lane 3) of PABP. A control siRNA was used as a negative control (lane 1). (F) Luciferase assays were performed
using PABP-depleted Huh-7 cells after the ectopic expression of PABP WT or PABP 4EA proteins. Relative translational efficiencies were calculated by
normalizing luciferase activities in cells expressing various amounts of PABP WT or PABP 4EA to that in siCon cells which was set to 1. The graphs are
drawn as described in panel (B). P values less than 0.001 are given three asterisks (***), and P values less than 0.01 are given two asterisks (**). P values
higher than 0.05 are given non-significant (n.s.). (G) The knock-down of endogenous PABP and the ectopic expression (*Flag-PABP) of PABP WT and
PABP 4EA in transfected cells were monitored by Western blotting using an anti-PABP antibody.

activation function (Figure 7B). The addition of PABP at
concentrations greater than the endogenous PABP concen-
tration suppressed the translation of mRNAs. This finding
is consistent with that from a previous study, according to
which excess PABP represses the translation of mRNAs via
unknown mechanisms (34).

To test whether similar phenomena occur in cells, we con-
ducted luciferase reporter assays using PABP-knockdown
cells transfected with DNA encoding PABP WT or PABP

4EA (Figure 7D). An siRNA targeting the 3′UTR of PABP
was transfected into Huh-7 cells to knockdown endoge-
nous PABP mRNAs. However, this siRNA did not inter-
fere with the expression of ectopically produced PABP WT
and PABP 4EA mRNAs lacking the 3′UTR of endoge-
nous PABP mRNA. After transfection with the siRNA
for 48 h, the cells were transfected with DNA encoding
3× Flag-tagged PABP WT or PABP 4EA (0.5–4 �g) along
with a DNA reporter encoding Renilla luciferase (Rluc).
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At 24 h from the DNA transfection, the cells were lysed,
and the Rluc activity in the lysates was measured to ex-
amine translational recovery by ectopically expressed PABP
WT and PABP 4EA. We confirmed that endogenous PABP
expression was almost completely knocked down by siR-
NAs targeting the 3′UTR and the coding sequence of PABP
(39) (Figure 7E). Compared to that in the control siRNA-
transfected cells, translation was decreased by approxi-
mately 80% in the siPABP-transfected cells (white columns
in Figure 7F), similar to PABP depletion observed in the in
vitro translation assay (white columns in Figure 7B). Trans-
fection with increasing concentrations of PABP WT DNA
(up to 2 �g) gradually enhanced translation, followed by
inhibition (black columns in Figure 7F). This indicates that
ectopic PABP WT expression restores the in vivo translation
of reporter mRNAs. Transfection with PABP 4EA DNA
also enhanced the translation of reporter mRNAs, but the
extent of translational enhancement was lower than that
achieved with PABP WT DNA (hatched columns in Figure
7F). The levels of PABP WT and PABP 4EA proteins were
monitored by Western blotting (Figure 7G), and the levels
of reporter RNA were monitored by quantitative RT-PCR
(Supplementary Figure S8). These results indicate that the
conversion of the PABP homodimer to the poly(A)–PABP
complex is necessary for its translational activation func-
tion.

DISCUSSION

Here, we report that PABP forms a homodimer without
poly(A) via direct protein-protein interactions. Using pu-
rified PABP derivatives spanning different parts of PABP,
we revealed that PABP homodimerization is mediated by
two independent regions: (i) linker2-RRM3 (designated as
HIR1) and (ii) the Linker in CTD (designated as HIR2).
HIR1 interacts with HIR1, and HIR2 interacts with HIR2,
indicating that the interactions in the two molecules of
PABP lead to a head-to-head (or tail-to-tail) configuration
of the RNA-free PABP dimer. This model is partly consis-
tent with a previous report suggesting that the CTD is in-
volved in PABP–PABP interaction (43). Full-length PABP
was shown to co-precipitate with [35S]-labeled full-length
PABP and the CTD of PABP (43). However, our PABP
dimer model was inconsistent with that described in another
previous report on the PABP–PABP interaction (41). The
authors reported that [35S]-labeled PABP co-precipitated
only with the RRM3-4-a partial CTD of PABP (residues
237–542), but not with GST-1–2–3–4, CTD, or full-length
PABP protein (41). The discrepancy in the results is interest-
ing because the authors adopted similar approaches in the
investigations of the domains responsible for PABP–PABP
interaction (41,43). This discrepancy could be attributed to
the complexity of the testing system. Both research groups
used in vitro translation systems containing several proteins
and RNAs that may have interfered with or augmented the
PABP–PABP interaction. Moreover, the proteins in RRL
could non-specifically bind to resins conjugated with vari-
ous GST-fused PABP proteins (41). To minimize the com-
plexity of the experiments owing to the presence of cellular
proteins and RNAs, we investigated the PABP–PABP in-
teraction and identified the domains responsible for the in-

teraction using purified polypeptides corresponding to var-
ious parts of PABP. Using this approach, we identified a
new region in PABP responsible for the PABP–PABP in-
teraction, designated as HIR1, in addition to the Linker of
CTD designated as HIR2. We tested the interactions be-
tween HIR1 and between HIR2 regions under various con-
ditions to rule out the possibility of non-specific interaction
observable under specific conditions. We observed the in-
teraction between HIR1s under all conditions tested, but we
did not observe the interaction between HIR2s under harsh
reaction conditions, such as high detergent concentrations
(data not shown). Moreover, we found that the HIR1-HIR1
interaction was stronger than the HIR2-HIR2 interaction
under favorable conditions, as shown in Figure 2B, 2C and
2D. The results indicate that HIR1 plays a major role in the
PABP–PABP interaction, and HIR2 promotes this interac-
tion.

Our new PABP dimer model is entirely different from the
structure of poly(A)-bound Pab1, which is the yeast ho-
molog of PABP (29). Poly(A)-bound Pab1 oligomers ex-
hibit a head-to-tail type of interaction, in which a linker
helix extruding from RRM4 contacts the RRM1 region of
the adjacent Pab1 molecule on a poly(A) RNA chain (Sup-
plementary Figure 1) (29). Since the orientation and inter-
molecular interactions of PABPs in RNA-free and poly(A)-
bound forms are completely different from each other, we
attempted to investigate how RNA-free PABP dimers are
converted to poly(A)-bound PABP oligomers. Examination
of the effect of poly(A) on the PABP–PABP homodimer
revealed that the PABP–PABP interaction was inhibited
upon the addition of poly(A)25 RNA. This indicates that
the PABP–PABP homodimer dissociates into monomers,
at least transiently, before forming the more stable PABP–
poly(A) complex. It is plausible that the binding of RRM1–
RRM2 of PABP to poly(A), which does not participate
in PABP–PABP homodimerization and exhibit a consider-
ably high binding affinity to poly(A) RNA (KD of RRM1–
RRM2 with poly(A) is 2 nM (15,16)), induces a conforma-
tional change in linker2, which in turn prevents the HIR1-
HIR1 interaction. However, we cannot rule out the possi-
bility that the putative poly(A)–RRM3 interaction affects
HIR1-HIR1 interaction even though the binding affinity of
RRM3 to poly(A) is lower than that of RRM1–RRM2 (KD
of RRM3-C with poly(A) was 116 nM (15)). Lastly, it is also
possible that the RNA-free monomeric PABP, in equilib-
rium with the dimeric PABP (Figure 1A), quickly associates
with poly(A) in the presence of poly(A), which results in
a stable PABP–poly(A) complex. The continuous drainage
of monomeric PABP from the pool of RNA-free PABP
molecules can eventually result in conversion of RNA-free
PABP, in a monomer–dimer equilibrium, to RNA-bound
PABP via a transient monomeric form. The detailed pro-
cess of conversion from an RNA-free dimeric PABP to a
PABP–poly(A) complex remains to be elucidated.

Several reports have suggested the potential role of the
CTD in the cooperative binding of PABP to poly(A)
(15,41,42). However, the importance of the cooperative
binding of PABP to poly(A) RNA has been challenged by
recent reports in which the length of poly(A) tails were mea-
sured at the genomic scale using next-generation sequenc-
ing (31,32). The authors suggested that the median length
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of the human poly(A) tail is approximately 60 nucleotides
(31,32). Considering that the footprint of a single PABP
on poly(A) RNA is approximately 25 nucleotides, a sin-
gle cellular mRNA is considered to be likely occupied by
two PABP molecules on an average. This indicates that an
RNA-free PABP dimer can cover the poly(A) tail of an
mRNA.

Considering the concentrations of mRNAs and transla-
tion initiation factors (PABP, eIF4G, and eIF4E) and the
binding affinities (KD) among them, it is most likely that
translational initiation commences with the interaction be-
tween the poly(A) tail and PABP, followed by sequential in-
teractions in the order of 3′-poly(A)–PABP-eIF4G-eIF4E-
5′ m7G cap, as described in the Introduction. Therefore,
the interaction between PABP and the poly(A) tail and
the subsequent interaction between poly(A)-bound PABP
and eIF4G are the key steps in translation. In contrast,
eIF4E knockdown did not affect the global translation
(data not shown), which is consistent with findings from
previous reports (11–13). This suggests that translation ini-
tiation can occur even in the absence of eIF4E. Some eIF4E-
independent translations are likely to occur via the alter-
native m7G cap-binding protein eIF3d for the translation
of specific mRNAs, such as c-Jun mRNA (46,47). In ad-
dition, internal ribosome entry sites (IRESs), which exist
in approximately 10% of cellular mRNAs (48,49), may di-
rect the translation of IRES-containing cellular mRNAs
in an eIF4E-independent manner. In fact, IRES-dependent
translation was discovered through investigations of the
translation mechanism of naturally uncapped viral mR-
NAs. IRES elements were first identified in the 5′UTRs of
encephalomyocarditis virus (EMCV) and poliovirus (both
picornaviruses) RNAs (50,51). Another type of IRES ele-
ment was identified in the 5′UTR of hepatitis C virus RNA
(52). All of the three IRES elements lack the m7G cap struc-
ture, existing in most eukaryotic mRNAs, do not require
the m7G cap structure for translation activation function
as indicated by the name of the translation element. How-
ever, interestingly, a subset of eIF4F (eIF4A and eIF4G but
not eIF4E) is needed for the IRES-dependent translation of
EMCV and poliovirus mRNAs.

The mechanism by which the poly(A) tail enhances the
translation of mRNAs that lack an IRES element or a spe-
cialized eIF3d-binding sequence in m7G cap-independent
manner remains unknown. We may be able to find clues
for the mechanism from another type of virus that pro-
duces naturally uncapped mRNAs. Most positive-strand
RNA plant viruses lack the 5′-m7G cap and/or the poly(A)-
tail. Several of them lack the 5′ m7G cap structure but con-
tain a translation-enhancing element at the 3′UTR, named
m7G cap-independent translation enhancer (CITE). CITEs
recruit 40S ribosomal subunits either directly via a CITE-
ribosome interaction or indirectly by interacting with a
translation factor (such as eIF4G and eIF4E) (53). The
40S ribosome, which is recruited to a CITE present at the
3′UTR, may communicate with the 5′ region of the mRNA
through long-range RNA-RNA interaction between the
putative ‘kissing loop’. However, the kissing loop interac-
tion was shown to be unnecessary for some CITE-mediated
translations, even though the mechanism underlying the
identification of the initiation codon by the 40S ribosome

on the 3′UTR without kissing loop interaction remains un-
known (53). An interesting example of poly(A)-dependent
but 5′ m7G cap-independent translation related to this phe-
nomenon was reported (9,10). The authors showed that the
poly(A) tail could facilitate translation of the upstream gene
even in the absence of the 5′ m7G cap structure. This indi-
cates that the 40S ribosome recruited at the 3′UTR of an
mRNA by the poly(A) tail can execute translation without
assistance from the m7G cap structure. More recently, a sys-
tematic analysis of translation mediated by 40S ribosomes
recruited to various parts of an mRNA was reported us-
ing in vitro and in cellulo assay systems (54). The authors
showed that the 40S ribosomes, which were recruited to the
3′UTRs of uncapped mRNAs either by the insertion of the
EMCV IRES element or by the tethering of eIF4G to MS2-
binding sites, could enhance the translation of a reporter
gene located upstream of the ribosome recruitment sites.
Based on these observations and the findings from other
biochemical and molecular biological studies, the authors
proposed that the recognition of the initiation codon by a
40S ribosome recruited to an mRNA can occur via the bi-
ased stochastic collision of the 40S ribosome with the initi-
ation codon through RNA looping of the intervening re-
gion rather than via ribosome scanning (54,55). The hy-
pothesis of the direct recognition of the initiation codon
by an mRNA-bound 40S ribosome was supported by the
structural analysis of the 48S translation initiation com-
plex, which revealed the positions of the mRNA, tRNAi

Met,
eIF2, and several subunits of eIF3, eIF4A and eIF4G on the
40S ribosomal subunit (56). Based on the structure of the
48S complex, the direct slotting of mRNAs to the 40S ribo-
some was proposed as a likely mechanism to form the spe-
cific configuration of the 48S translational initiation com-
plex (56). The authors recognized that the slotting model
is compatible with the translation of circular mRNAs (57)
as well as the initiation of mRNAs containing IRES ele-
ments. We suggest that the slotting model can be applied to
translational enhancement by the poly(A) tail. To slot the
translation initiation site of an mRNA to the 40S ribosome
recruited on the poly(A) tail, mRNA looping should occur
in a biased stochastic manner, which would be affected by
the distance between the 40S ribosome-recruitment site and
the initiation site, the structure of the intervening sequence,
and other factors.

In conclusion, our work revealed the configuration of
RNA-free PABPs that do not participate in translation ac-
tivation. We determined how idling PABPs, which exist at
considerably higher cellular concentrations than eIF4G, do
not interfere with translation by sequestering eIF4G. In
other words, we showed that the drastic conformational
change of PABPs induced by the binding of poly(A) RNA
exposes the binding sites for eIF4G that remain unex-
posed in the RNA-free PABP homodimer. Our findings may
help improve our understanding of the mechanism under-
lying the transition of RNA-free PABPs to poly(A)-bound
PABPs.
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