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The 3’ poly(A) tail of eukaryotic mRNAs plays an important role in the regulation of translation. The poly(A)
binding protein (PABP) interacts with eukaryotic initiation factor 4G (elF4G), a component of the elF4F
complex, which binds to the 5’ cap structure. The PABP-eIF4G interaction brings about the circularization of
the mRNA by joining its 5’ and 3’ termini, thereby stimulating mRNA translation. The activity of PABP is
regulated by two interacting proteins, Paipl and Paip2. To study the mechanism of the Paip1-PABP interac-
tion, far-Western, glutathione S-transferase pull-down, and surface plasmon resonance experiments were
performed. Paipl contains two binding sites for PABP, PAM1 and PAM2 (for PABP-interacting motifs 1 and
2). PAM2 consists of a 15-amino-acid stretch residing in the N terminus, and PAM1 encompasses a larger
C-terminal acidic-amino-acid-rich region. PABP also contains two Paipl binding sites, one located in RNA
recognition motifs 1 and 2 and the other located in the C-terminal domain. Paipl binds to PABP with a 1:1

stoichiometry and an apparent K, of 1.9 nM.

Translation plays an important role in the regulation of gene
expression and is implicated in the control of cell growth,
proliferation, and differentiation (4, 12, 28). In eukaryotes,
initiation is the rate-limiting step of translation under most
circumstances and is a major target for regulation (12). The
5'cap structure (m’GpppN, where m is a methyl group and N
is any nucleotide) of the mRNA is recognized by eukaryotic
initiation factor 4F (eIF4F) (12). eIF4F is comprised of three
subunits: (i) eIF4E, the cap binding protein; (ii) eIF4A, a
bidirectional ATP-dependent RNA helicase; and (iii) eIF4G, a
modular scaffolding protein which possesses binding sites for
elF4E and eIF4A and recruits the 40S ribosomal subunit to the
mRNA via elF3. Poly(A) binding protein (PABP) binds to the
3" poly(A) tail of the mRNA. PABP is a phylogenetically con-
served protein which functions in mRNA translation and sta-
bilization (35) and is an essential protein in Saccharomyces
cerevisiae, as deletion of the PABI gene is lethal (36). Human
PABP is a 633-amino-acid (aa) protein which contains four
RNA recognition motifs (RRMs) arranged in tandem and a
proline-rich C-terminal domain (24, 32). RRMs 1 and 2 are the
major contributors to the poly(A) binding activity of PABP (6,
24). PABP physically interacts with eIF4G (16, 26, 39), leading
to the circularization of the mRNA by bridging the mRNA 5’
and 3’ extremities (closed-loop model) (18, 41). The closed-
loop model explains the synergistic enhancement of translation
by the 5’ cap structure and the 3’ poly(A) tail of the mRNA
(10, 11, 37). By joining the 5’ and the 3’ ends of the mRNA,
circularization may facilitate reinitiation of translation, initia-
tion complex formation, or the 60S ribosome joining step (19,
38, 40).
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Paipl (PABP-interacting protein 1) is a 479-aa protein
which has homology (25% identity and 39% similarity) with
the central domain of human eIF4G (aa 420 to 890) (5). This
segment of elF4G contains one of the two known eIF4A bind-
ing sites (17). Consequently, Paipl interacts with eIF4A (5).
Paipl was shown to stimulate translation of a reporter mRNA
in cultured mammalian cells (5). Paipl is also involved in
mRNA turnover as part of a protein complex that stabilizes the
c-fos proto-oncogene mRNA by binding to the major protein-
coding-region determinant of instability (mCRD) (15). More
recently, another PABP-interacting protein, Paip2, was identi-
fied (22). Paip2 is a highly acidic 127-aa protein (pI = 3.9)
which represses translation in vitro and in transfected cells
(22). Paip2 inhibits binding of PABP to the poly(A) tail and
competes with Paip1l for binding to PABP (22).

The mechanism by which these PABP-interacting proteins
compete for binding to PABP and regulate translation is not
fully understood. To study the role of Paipl in translation
regulation, we undertook a detailed biochemical characteriza-
tion of the interacting domains in Paipl and PABP by using
far-Western and glutathione S-transferase (GST) pull-down
assays. In addition, the kinetic and thermodynamic constants
for both the Paipl and PABP interacting domains were deter-
mined by a surface plasmon resonance (SPR)-based biosensor
(Biacore). Paipl and PABP interact with a 1:1 stoichiometry,
even though the interaction involves two distinct binding re-
gions in each protein. This is in contrast to a 2:1 stoichiometry
for the Paip2-PABP interaction (20).

MATERIALS AND METHODS

Plasmids. pGST-Paipl fragments 185-415, 326-479, and 415-479 were de-
scribed previously (5). pGST-PABP fragments RRM1-4, RRM1-2, RRM3-4,
RRM2-3, RRM1, RRM2, RRM3, RRM4, C1, and C2 and pcDNA3-GST-Paip2
were described previously (20). pGEX-6P2-Paip2, pcDNA3-Flag-Paipl, and
PACTAG-2-Paip2 (which encodes hemagglutinin [HA]-Paip2) were described
previously (22).
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To generate pGST-HMK-PABP-His vector, PABP ¢cDNA was PCR amplified
using pET3b-PABP-His (20) as a template. The forward primer contained a BamHI
site, a sequence encoding a peptide which contains a heart muscle kinase (HMK)
phosphorylation site, and a Sall site (5'-GG/GGA/TCC/AGA/AGA/GCA/TCT/
GTG/GTC/GAC/ATG/AAC/CCC/AGT/GCC/CCC/AGC-3"). The reverse primer
included an X#ol site, a stop codon, a histidine tag (His,), and an Xbal site (5'GG/
CTC/GAG/TTA/GTG/ATG/GTG/ATG/GTG/ATG/TCT/AGA/AAC/AGT/TGG/
AAC/ACC/GGT/GGC-3"). The ATG and stop codons are underlined, and codons
are separated by slashes. The resulting PCR product was digested with BamHI and
Xhol and ligated in frame into pGEX6p1 (Amersham Pharmacia Biotech [APB])
digested with BamHI and X#hol. This vector codes for a fusion protein containing
GST and HMK tags at the N terminus and a His, tag at the C terminus. To construct
pGST-HMK-PABP(C-term)-His, the partial PABP sequence (aa 374 to 633) was
PCR amplified using pET3b-PABP-His as a template. The PCR product was di-
gested with Sall and Xbal and ligated into pGST-HMK-PABP-His digested with
Sall and Xbal. Similarly, to construct plasmids encoding GST-HMK-Paip1-His and
fragments 116-479, 440-479, 1-415, 1-115, and 144-415, the respective Paipl coding
regions (numbers correspond to amino acids) were PCR amplified using pcDNA3-
Paip1 (5) as a template. The resulting fragments were digested with Sall and Xbal
and ligated to pGST-HMK-PABP-His digested with Sa/l and Xbal. pGST-HMK-
Paipl fragments 1-143, 116-143, and 410-439 were prepared similarly to the other
Paipl fragments, but an Xhol restriction site was used instead of an Xbal site,
eliminating the His, tag at the C terminus. To construct pET-His-HMK-
PABP(RRM1-2), the partial PABP sequence (aa 1 to 179) was PCR amplified using
pET3b-PABP-His as a template and then digested with XAol and BamHI and
ligated into pET-His-HMK (3) digested with Xhol and BamHI. pcDNA3-GST-
Paip1 was obtained by subcloning the BamHI/Xhol Paipl insert of pcDNA3-Flag-
Paip1 into pcDNA3-GST (a kind gift of H. Imataka) digested with BarmHI and Xhol.

Protein expression and purification. For expression and purification of pro-
teins, Escherichia coli BL21(ADE3) was transformed with bacterial expression
vectors. After incubation at 30°C and induction with 0.2 mM IPTG (isopropyl-
B-p-thiogalactopyranoside) for 3 h, bacteria were harvested by centrifugation.
For the purification of GST-HMK-PABP(C-term)-His and GST-HMK-Paip1-
His and fragments 116-479, 440-479, 1-415, 1-115, and 144-415, the bacterial
pellets were resuspended in 1X phosphate-buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 43 mM Na,HPO, - 7H,0, 1.4 mM KH,PO,, pH 7.4)-10% glyc-
erol-0.2% Triton X-100-Protease Inhibitor Cocktail Complete (Roche). The
suspension was sonicated and centrifuged for 20 min at 23,000 X g in a DuPont
Sorvall RC-5B centrifuge (SS34 rotor). The clarified supernatant was incubated
with Talon metal affinity resin (Clontech) for 20 min at room temperature. The
resin was washed three times with 1X PBS-0.2% Triton X-100-5 mM imidazole.
Proteins were eluted with 1X PBS-10% glycerol-0.2% Triton X-100-250 mM
imidazole. The fractions containing proteins were identified by Bio-Rad assay,
pooled, diluted 10 times in cleavage buffer (50 mM Tris-HCI [pH 7.0], 150 mM
NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.01% Triton X-100), and then incu-
bated with glutathione-Sepharose resin (APB) for 15 min. Beads were washed
three times with 10 volumes of cleavage buffer. Proteins were either eluted with
50 mM Tris-HCI (pH 8.5)-10 mM glutathione or processed for cleavage of the
GST tag. The GST tag was cleaved on the resin by the addition of 40 ul (80 U)
of PreScission protease (APB) per ml of resin (bed volume) and incubated at 4°C
for 4 h to overnight, and the protein of interest was recovered from the super-
natant. The expression and purification of GST-Paipl fragments 185-415, 415-
479, 326-479, 410-439, 1-143, and 116-143; GST-PABP fragments RRM1-4,
RRM1-2, RRM3-4, RRM2-3, RRM1, RRM2, RRM3, RRM4, C1, and C2; and
GST-Paip2 were performed on glutathione-Sepharose resin according to the
instructions of the manufacturer (APB). GST-Paip2 was subjected to PreScission
protease cleavage as described above. The purification of GST-HMK-PABP-His
and PABP-His was performed as previously described (20). After elution from
Talon metal affinity resin, the GST-HMK-PABP-His was diluted 10 times in
cleavage buffer and purified on glutathione-Sepharose resin (APB) and/or sub-
jected to PreScission protease cleavage as described above. His-HMK-PABP
(RRM1-2) was purified on Talon metal affinity resin as described above. All
recombinant proteins were dialyzed against 1X PBS buffer.

Antibodies and Western blotting. Antibodies and their working dilutions were
as follows: rabbit polyclonal anti-GST (a gift from Mathieu Miron and Josée
Dostie), 1:1,000; rabbit polyclonal anti-PABP (1), 1:500; mouse monoclonal
anti-Flag (Sigma), 1:1,000; mouse monoclonal anti-HA (Berkeley Antibody
Company), 1:1,000; horseradish peroxidase-conjugated donkey anti-rabbit im-
munoglobulin G (APB), 1:5,000; and horseradish peroxidase-conjugated sheep
anti-mouse immunoglobulin G (APB), 1:5,000. Proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (25) and trans-
ferred onto nitrocellulose membranes (Schleicher & Schuell) in 25 mM Tris-HCI
(pH 7.5)-190 mM glycine-20% methanol. Membranes were blocked for 2 h at
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room temperature or overnight at 4°C with 5% skim milk in 1X PBS containing
0.05% Tween 20 (PBST). The membranes were incubated for 2 h at room
temperature with primary antibodies diluted in PBST supplemented with 1%
bovine serum albumin, followed by three 15-min washes in PBST. Membranes
were subsequently incubated with peroxidase-coupled secondary antibodies di-
luted in PBST supplemented with 5% skim milk for 30 min at room temperature,
followed by three 15 min washes in PBST. Detection of peroxidase-coupled
secondary antibodies was performed with enhanced chemiluminescence (NEN)
and exposure to an X-ray film (Kodak).

Far-Western analysis. The procedure for far-Western analysis was previously
described in detail (21). 3?P-labeled HMK-PABP-His or *?P-labeled HMK-
Paip1-His was used as a probe at 250,000 cpm/ml of hybridization solution.

GST pull-down assays. Purified GST fusion proteins (2 to 10 pg) [GST,
GST-HMK-Paip1-His, GST-Paip1(116-143), GST-HMK-Paip1(440-479)-His,
GST-HMK-PABP-His, and GST-HMK-PABP(C-term)-His] were incubated for
15 min at 4°C with glutathione-Sepharose (10 wl) with 300 wl of pull-down buffer
(PDB) (20 mM HEPES-KOH [pH 7.5], 100 mM KCI, 1 mM dithiothreitol, 0.5
mM EDTA, 10% glycerol, and 0.5% NP-40). The supernatant was removed, and
non-GST recombinant proteins (2 to 10 wg) [HMK-PABP-His, His-HMK-
PABP(RRMI1-2), HMK-PABP(C-term)-His, HMK-Paip1(117-479)-His, and
HMK-Paip1-His] were added together with 300 pl of PDB. The mixture was
incubated for 2 h at 4°C. The resin was washed three times with 500 w1 of PDB.
Proteins were eluted with 40 pl of 1X Laemmli sample buffer (25). The samples
were boiled for 5 min, resolved by SDS-PAGE, and stained with Coomassie blue
R-250.

HeLa cells (grown to 80% confluence in a 10-cm-diameter dish) were infected
with vaccinia virus vIF7-3 (9) for 1 h and then cotransfected with a combination
of pcDNA3-GST, pcDNA3-GST-Paipl, pcDNA3-Flag-Paipl, pcDNA3-GST-
Paip2, and pACTAG-2-Paip2 (10 pg of DNA total) by using Lipofectin (40 wl)
(Gibco-BRL) according to the manufacturer’s instructions. Cells were harvested
at 16 h posttransfection and lysed in buffer A (20 mM Tris-HCI [pH 7.5], 100 mM
KCl, 1 mM dithiothreitol, 0.5 mM EDTA, 10% glycerol, 0.5% NP-40). Cellular
debris was removed by centrifugation at 16,000 X g for 15 min at 4°C. The
protein concentration in the supernatant was determined by Bio-Rad assay.
HeLa cell extracts (300 ng) were incubated with glutathione-Sepharose (25 pl)
(APB) and incubated for 3 h at 4°C. The resin was washed four times with 1 ml
of buffer A. Proteins were eluted with 1X Laemmli sample buffer. Samples were
boiled for 5 min, resolved by SDS-PAGE, and processed for Western blotting.

Immunoprecipitation. HeLa cell extracts (300 pg) were incubated with mouse
monoclonal anti-Flag antibody (1 pl) (Sigma) for 3 h at 4°C. Protein A-Sepha-
rose (25 pl) (APB) was added to the mixture and incubated for 1 h at 4°C. The
resin was washed four times with 1 ml of buffer A. Proteins were eluted with 1x
Laemmli sample buffer. Samples were boiled for 5 min, resolved by SDS-PAGE,
and processed for Western blotting.

Immobilization of recombinant proteins on Biacore sensor chips. Solutions of
PABP-His (22.5 pg/ml), HMK-Paip1-His (12.5 pg/ml), and HMK-PABP(C-
term)-His (20 pg/ml) in 10 mM formate buffer (pH 4.0) were used to immobilize
the proteins on Pioneer Bl sensor chip surfaces by using the standard amine
coupling procedure as previously described (7, 20). The same coupling proce-
dure, in the absence of protein, was used to prepare mock (control) surfaces.

Experimental controls for Biacore experiments. In preliminary experiments,
PABP-His or HMK-PABP(C-term)-His (200 resonance units [RU]) was coupled
to a dextran matrix on a Pioneer B1 sensor chip, and 100 nM HMK-Paip1-His
was injected over these surfaces or a mock surface. Similarly, HMK-Paip1-His
(200 RU) was coupled to a surface, and 50 nM PABP-His, PABP(RRM1-4), or
HMK-PABP(C-term)-His was injected. Nonspecific interactions of HMK-Paip1-
His with the dextran surface were negligible compared to the specific interactions
recorded when the injections were performed over the PABP-His and HMK-
PABP(C-term)-His surfaces. Likewise, PABP(RRM1-4) did not interact with the
dextran surface but interacted specifically with the HMK-Paip1-His surface.
However, PABP-His and HMK-PABP(C-term)-His interacted nonspecifically
with the dextran surface of the Pioneer B1 sensor chip, as was previously ob-
served with the CMS5 sensor chip (20). Since PABP-His and HMK-PABP(C-
term)-His could not be used as analytes (the protein flowing over the surface),
their interactions were analyzed further only when they were used as ligands (the
coupled proteins). The PABP-His, HMK-PABP(C-term)-His, and HMK-Paip1-
His surfaces were used to determine the optimal regeneration conditions. Op-
timal regeneration was accomplished by using two 25-pl pulse injections (flow
rate of 100 wl/min) of a 120 mM HCI solution for the HMK-Paip1-His surface
and of a 60 mM HCI-20 mM n-octyl glucopyranoside solution for the PABP-His
or HMK-PABP(C-term)-His surface. The regeneration procedures were fol-
lowed by an EXTRACLEAN procedure and a RINSE procedure (Biacore Up-
grade Instrument Handbook, APB, 1995).
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To minimize artifacts due to mass transport and rebinding effects (13, 30, 31)
or steric hindrance (crowding problems) (33) and to maintain a high signal-to-
noise ratio, we determined the minimal amount of PABP-His, HMK-PABP(C-
term)-His, or HMK-Paip1-His that needed to be coupled to the surface (200,
150, and 100 RU, respectively). The absence of mass transport limitations was
confirmed experimentally by injecting HMK-Paip1-His solution over the PABP-
His and HMK-PABP(C-term)-His surfaces, or by injecting PABP(RRM1-4)
solution over the HMK-Paip1-His surface, at different flow rates ranging from 5
to 100 pl/min. There was no mass transport effect when the flow rate was higher
than 20 pl/min for injections of PABP(RRMI1-4) over the HMK-Paipl-His
surface or when it was higher than 50 wl/min for injections of HMK-Paip1-His
over the PABP-His and PABP(C-term)-His surfaces. Indeed, at these higher
flow rates, after data analysis, the interaction curves (sensorgrams) were super-
imposable, indicating the absence of mass transport (data not shown).

Kinetic assays on the Biacore. Kinetic experiments were carried out in dupli-
cate at 25°C. The data collection rate was set to 10 Hz for every kinetic assay.
HEPES-buffered saline (20 mM HEPES-KOH [pH 7.4], 150 mM NaCl, 3.4 mM
EDTA, 0.05% Tween 20) was used as running buffer and to dilute the injected
proteins. Kinetic experiments were carried out at a flow rate of 40 pl/min for
PABP(RRM1-4) injections over an HMK-Paip1-His surface or at 100 pl/min for
HMK-Paip1-His injections over PABP-His and HMK-PABP(C-term)-His sur-
faces. Different concentrations of HMK-Paip1-His or PABP(RRM1-4) were
injected for 120 s over HMK-PABP(C-term)-His or HMK-Paip1-His optimized
surfaces, respectively (see above) and over a mock surface, followed by a 240-s
buffer injection. Different concentrations of HMK-Paip1-His were injected for
90 s over the PABP-His optimized surface and over a mock surface, followed by
a 240-s buffer injection.

Biacore data preparation and analysis. The data preparation was done as
described elsewhere by the method of double referencing (34). The sensorgrams
were transformed to concentration units by using the molecular weights of the
injected proteins. All of the curves were reduced to 500 evenly spaced sampling
points. For each set of individual curves, corresponding to injections of various
concentrations of protein over the same surface, global fitting was carried out
using different kinetic models available in the SPRevolution software (7). The
models, parameter estimations, and statistical analyses used in this study were
described in detail previously (20).

Multiple-binding experiments on the Biacore. All multiple-binding experiments
were carried out at a flow rate of 5 wl/min. For sequential injections, HMK-Paip1-
His (1 uM) or Paip2 (100 nM) was injected (300 s) over a PABP-His surface (1,500
RU) and over a mock surface. Paipl and Paip2 injections were followed by an
injection (180 s) of PABP(RRM1-4) (100 nM). For preincubation experiments,
HMK-Paip1-His (25 nM) was preincubated (or not) with PABP(RRM1-4) (75 nM)
and injected (300 s) over an HMK-PABP(C-term)-His surface (150 RU) and over a
control surface.

Sequences. Paipl and PABP sequences and amino acid numbers used in this
paper are according to GenBank accession numbers AF013758 and Y00345,
respectively.

RESULTS

Identification of a new PABP binding site in Paipl. It was
initially reported that the C-terminal region of Paipl interacts
with PABP (5), but the corresponding interaction domain in
PABP was not identified. Subsequently, human Paipl was
shown to interact with RRMs 1 and 2 and the C terminus of the
Xenopus PABP (14) and with the C terminus of human PABP
(8). However, the precise binding sites in Paipl and PABP
were not defined, and the interactions were not quantified. We
recently reported on the presence of two independent PABP
binding sites in the translational repressor Paip2 (20). One
binding site, PAM1 (for PABP-interacting motif 1), consists of
a stretch of acidic amino acids in the middle of Paip2 (aa 22 to
75) and binds strongly to RRMs 2 and 3 of PABP (20). Inter-
estingly, as for the PAM1 in Paip2, the C terminus of Paipl,
which binds PABP (5), contains a region rich in acidic amino
acids. The other binding site, PAM?2, also termed the PABP
C-terminal binding motif (8, 20, 23), resides in the C terminus
of Paip2. It consists of 15 amino acids (aa 106 to 120) and binds
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FIG. 1. Identification of a new PABP binding site in Paip1. (A) Se-
quence alignment of PAM?2 in Paipl and Paip2 performed with PIMA
multisequence alignment software (Baylor College of Medicine Search
Launcher). Black and gray boxes indicate conserved and similar resi-
dues, respectively. (B) Purified GST and GST-Paipl proteins (~100
ng) were resolved by SDS-10% PAGE and transferred onto a nitro-
cellulose membrane. The membrane was probed with a rabbit poly-
clonal anti-GST antibody. (C) Autoradiography of a duplicate mem-
brane processed for far-Western analysis with >?P-labeled HMK-PABP
as a probe. Positions of molecular mass markers are shown on the left.
wt, wild-type.

to the C terminus of PABP (within aa 546 to 619 [20, 23]) with
an affinity lower than that of the PAM1-PABP interaction (20).
Alignment of the Paipl and Paip2 amino acid sequences re-
vealed similarity between PAM?2 in Paip2 and a sequence in
Paipl spanning aa 123 to 137 (Fig. 1A). PAM2 also exists in
several other proteins, including eukaryotic release factor 3,
ataxin-2, and transducer of ErbB-2 (8, 23). PAM2 in Paip1 was
not previously demonstrated to interact with PABP. To char-
acterize the PAM2 in Paipl (aa 123 to 137), we generated a
GST-Paipl full-length fusion protein and fragments containing
aa 1 to 143 and 116 to 143 and expressed them in E. coli.
Approximately equal amounts of the intact proteins, as deter-
mined by Western blotting using an anti-GST antibody, were
loaded on the gel (Fig. 1B). A duplicate membrane was used
for far-Western analysis with **P-labeled HMK-PABP as a
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FIG. 2. Identification of PABP binding sites in Paip1. (A) Purified GST and GST-Paip1 proteins (~100 ng) were resolved by SDS-10% PAGE
and transferred onto a nitrocellulose membrane. The membrane was probed with a rabbit polyclonal anti-GST antibody. Positions of molecular
mass markers are shown on the left. wt, wild-type. (B) Autoradiography of a duplicate membrane processed for far-Western analysis with
32P-labeled HMK-PABP as a probe. (C) Schematic diagram of the results from the interaction of GST-Paip1 fragments with PABP. Relative
binding was evaluated visually. Light gray, dark gray, and black boxes represent GST, PAM2, and PAMI, respectively.

probe. GST-Paipl and fragments 1-143 and 116-143 (Fig. 1C,
lanes 2 to 4) interacted with the PABP probe, while GST did
not (lane 1). This result defines a Paipl minimal fragment (aa
116 to 143) containing the conserved PAM2, which is sufficient
for PABP binding.

Characterization of PABP binding sites in Paipl. To further
delineate the two PAMs in Paip1, additional GST-Paip1 frag-
ments were generated. Approximately equal amounts of intact
proteins, as revealed by a Western blot analysis with an anti-
GST antibody, were loaded on the gel (Fig. 2A). A duplicate
membrane was used for far-Western analysis with >?P-labeled
HMK-PABP as a probe. GST-Paip1, but not GST, interacted
strongly with PABP (Fig. 2B, lanes 1 and 2). N-terminal trun-
cations of Paipl were generated. Fragments 116-479, 326-479,
415-479, and 440-479, but not 410-439, interacted with PABP
to various degrees (Fig. 2B, lanes 3 to 7). Together, these
results more precisely demarcate the boundaries of the PAM1
in Paip1 within aa 440 to 479. To delineate the boundaries of
the PAM2 in Paipl, C-terminal truncations of Paipl were
generated. Paipl fragments 1-415 and 1-143 interacted
strongly with PABP (Fig. 2B, lanes 8 and 9), but a further
C-terminal deletion, generating fragment 1-115, abolished
binding to PABP (lane 10). Thus, the boundaries of PAM2 in
Paipl map within aa 116 to 143 (lane 11). Consistent with these
mapping results, Paipl fragments 144-415 and 185-415 failed
to interact with PABP (lanes 12 and 13). Taken together, these

results demonstrate, similar to the case for Paip2, the existence
of two independent PABP binding domains in Paipl: PAM2,
which is N terminal, and PAM1, which is a C-terminal acidic
domain (aa 116 to 143 and 440 to 479, respectively) (Fig. 2C).
Characterization of Paip1 binding sites in PABP. We next
identified the Paipl binding domains in PABP. Fragments of
PABP were generated as GST fusion proteins and expressed in
E. coli. Approximately equal amounts of intact proteins, as
determined by Western blotting using an anti-GST antibody,
were loaded on the gel (Fig. 3A). A duplicate membrane was
used for far-Western analysis with *?P-labeled HMK-Paip1 as
a probe. Paipl did not interact with GST but interacted
strongly with full-length PABP, RRM1-4, RRM1-2, and C2
(the second half of the C-terminal domain) (Fig. 3B, upper
panel, lanes 1 to 4 and 12). Combinations of RRM domains,
RRM3-4 and RRM2-3, and individual RRM1 and RRM2 do-
mains interacted weakly with Paip1, while RRM3, RRM4, and
C1 (the first half of the C-terminal domain) failed to interact
with Paipl (Fig. 3B, bottom panel, lanes 5 to 11). Thus, PABP
contains two binding sites for Paip1, one within RRMs 1 and 2
and another in the extreme C terminus of PABP (Fig. 3C).
PAMs of Paipl interact with defined PABP fragments in
vitro. GST pull-down experiments were performed to deter-
mine which of the PAMs of Paipl interacts with the two Paipl
binding domains in PABP. The recombinant proteins used in
this experiment contained only minor amounts of degraded
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FIG. 3. Identification of Paip1 binding sites in PABP. (A) Purified GST and GST-PABP proteins (~100 ng) were subjected to SDS-10% PAGE
and transferred onto a nitrocellulose membrane. The membrane was blotted with a rabbit polyclonal anti-GST antibody. Positions of molecular
mass markers are shown on the left. wt, wild-type. (B) Autoradiography of a duplicate membrane processed for far-Western analysis with
32P-labeled HMK-Paipl as a probe. The upper and lower panels represent 30-min and 3-h exposures against an X-ray film, respectively.
(C) Schematic diagram of the results from the interaction of GST-PABP fragments with Paip1. Relative binding was evaluated visually. Light gray,
dark gray, and black boxes represent GST, PABP(RRM1-2), and PABP(C-term) binding sites, respectively.

proteins (Fig. 4, input, lanes 1 to 7). GST did not interact with
any of the PABP fragments (lanes 8 to 10), while full-length
GST-Paipl interacted with full-length PABP, PABP(RRM1-2)
and PABP(C-term) (lanes 11 to 13). GST-Paip1(116-143) in-
teracted with full-length PABP and PABP(C-term) but not
with PABP(RRM1-2) (lanes 14 to 16). GST-Paip1(440-479)
interacted with full-length PABP and PABP(RRM1-2) but not
with PABP(C-term) (lanes 17 to 19). Thus, the PAM1 in Paip1
(aa 440 to 479) interacts with the RRM1 and -2 region of
PABP, and the PAM2 in Paipl (aa 116 to 143) interacts with
the C-terminal region of PABP. Paipl and PABP most prob-
ably associate independently of RNA, since treatment of the
protein mixtures with a combination of RNase A and micro-
coccal nucleases did not abolish the interaction (data not
shown).

PABP(RRM1-4) and PABP(C-term) interact with Paipl
with a 1:1 stoichiometry as determined by SPR. To obtain
quantitative thermodynamic and kinetic measurements and to
determine the stoichiometry of the Paipl-ABP interaction,
experiments were conducted on an SPR-based biosensor (Bia-
core). In a typical SPR experiment, one of the binding partners

is immobilized on the sensor chip surface (the ligand in SPR
terminology) and the other binding partner is injected in so-
lution over the sensor chip surface (the analyte in SPR termi-
nology). The mass accumulation of the analyte on the surface,
which results from its binding to the ligand, is recorded in RU,
which are directly proportional to the analyte mass. To study
the Paipl interaction with PABP(RRM1-4), different concen-
trations of PABP(RRM1-4) were injected over an optimized
Paipl surface and a mock surface (see Materials and Meth-
ods). The resulting set of curves was then analyzed by curve
fitting using numerical integration methods (see Materials and
Methods). When a kinetic model adequately depicts a molec-
ular interaction, the residuals (difference between the experi-
mental points and the calculated points) will be minimal and
randomly distributed around a zero value. This results in low
values for the standard deviation of the residuals, and the Z1
and Z2 statistics, as described in detail previously (2, 20).
The quality of the fit (Fig. 5) and the values of the residual
statistics (Table 1) showed that the Paipl interaction with
PABP(RRM1-4) is described well by a simple one-to-one (1:1)
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FIG. 4. Interactions of Paip1 fragments with PABP fragments in vitro. GST and GST-Paip1 fragments (5 pg) were immobilized on glutathione-
Sepharose for GST pull-down analysis and incubated with various PABP fragments (5 pg) as indicated. Bound proteins were eluted in Laemmli
sample buffer and resolved by SDS-10% PAGE. Recombinant proteins (1 pg) were loaded in lanes 1 to 7 (input). The gel was stained with
Coomassie blue R-250. Positions of the molecular mass markers are shown on the left. Proteins are identified on the right.

model, in which one PABP(RRM1-4) molecule interacts with
one Paipl molecule.

Next, we studied the interaction of Paipl with the C-termi-
nal region of PABP. PABP(C-term) was coupled to the sur-
face, and Paipl was used as the analyte. The analysis of the
sensorgrams yielded poor fits when a simple 1:1 interaction
model was applied (Fig. 6A; Table 2). Since potential artifacts
such as mass transport limitation and rebinding or crowding
problems were eliminated (see Materials and Methods), it is
likely that this deviation from a simple binding model could be
due to a more complex interaction mechanism, as was ob-
served for Paip2 binding to PABP(C-term) (20). Therefore,
two more complex models were examined. The first assumes
that two Paip1 molecules bind to one PABP(C-term) molecule
(two-to-one [2:1] model) (Fig. 6B). The second involves an
initial binding event between one Paipl and one PABP(C-
term) molecule, followed by a rearrangement of the Paipl-
PABP(C-term) complex (1:1 rearrangement model) (Fig. 6C).
The 2:1 model did not accommodate the data from the Paipl
interaction with PABP(C-term) as well as the 1:1 rearrange-
ment model, as judged by visual inspection (compare Fig. 6B
and C, especially the sensorgram curve at 100 nM) and the
values of the residual statistics (in particular the Z2 value)
(Table 2).

The kinetic and equilibrium constants related to the fitting
of the PABP(RRMI1-4) and PABP(C-term) interactions
with Paipl are listed in Tables 1 and 2. The affinity of the

PABP(RRMI1-4)-Paipl interaction is approximately 10-fold
higher than that of the PABP(C-term)-Paip1 interaction [K, =
0.56 nM for PABP(RRM1-4) (simple 1:1 model); K,,, = 5.7
nM for PABP(C-term) (1:1 rearrangement model)] (Tables 1
and 2).

Full-length PABP interacts with Paip1 with a 1:1 stoichiom-
etry as determined by SPR. We next determined the kinetic
and thermodynamic constants for the interaction of full-length
PABP with Paipl. Paipl was injected over a PABP surface at
different concentrations (from 0 to 90 nM). The analysis of the
sensorgrams yielded a poor fit when a simple 1:1 interaction
model was used (Fig. 7A). Since PABP possesses two binding
sites for Paipl and vice versa, as determined by far-Western
(Fig. 2 and 3) and GST-pull-down (Fig. 4) experiments, and
because the Paipl-PABP(C-term) interaction is consistent
with a rearrangement model (Fig. 6; Table 2), such a deviation
from a simple kinetic model is not surprising. Consequently,
two more complex kinetic models were considered. First, a 2:1
model in which two Paipl molecules bind to one PABP mol-
ecule was applied. Also, a 1:1 rearrangement model in which
an initial binding event is followed by a rearrangement of the
complex was examined. The 2:1 model and the 1:1 rearrange-
ment model displayed similar fits and statistical values (Fig. 7B
and C; Table 3). It is therefore difficult to discriminate between
these two complex kinetic models by using this approach.

To address the question of stoichiometry, we asked whether
PABP(RRM1-4) can bind to Paipl that is prebound to full-
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FIG. 5. SPR analysis of the interaction between PABP(RRM1-4) and
Paipl. PABP(RRM1-4) was injected, at the concentrations indicated,
over a Paipl surface (100 RU) and over a mock surface. Data were
treated and integrated with a simple 1:1 model. (Top panel) Experimental
sensorgrams (points) and calculated fits (solid lines). (Bottom panel)
Related residuals (difference between calculated and experimental data
points). Related kinetic constants are listed in Table 1.

length PABP. The rationale for this experiment is as follows: if
two Paip1l molecules interact independently with the two bind-
ing sites on one PABP molecule, one PAM1 in one of the two
Paip1 molecules should be free to interact with PABP(RRM1-
4). Paipl was injected over a PABP surface or a control sur-
face, followed by a PABP(RRM1-4) injection. The experiment
was also performed with Paip2 as a positive control, since it
binds to PABP with a 2:1 stoichiometry (20). PABP(RRM1-4)
failed to associate significantly with the Paipl that was pre-
bound to the PABP surface (Fig. 8A and B) (there is no change
in the shape of the dissociation curve), whereas it associated

TABLE 1. Kinetic and thermodynamic constants for the Paip1-
PABP(RRM1-4) interaction calculated by globally fitting the
experimental data set shown in Fig. 5 to a simple 1:1 model

Parameter Value in simple model (mean * SD)

Kasst MTHS ™) e (1.31 £ 0.03) x 10°

Kaisst (571 corvvrnens v (74x03)x10°*
Surface activity (RU) .... . 553%05

Ky (MM) e 0.56 = 0.03

SD of residuals (RU) ....cceuvvviervevicerrenes 1.080

71 statistic . 14.54

7.2 statistic 2.372
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with the Paip2 that was prebound to the PABP surface (Fig. 8A
and C) [there is a change in the shape of the dissociation curve
due to the association of RRM(1-4)]. Thus, in contrast to
Paip2, Paipl could not recruit PABP(RRM1-4) when it was
already prebound to the full-length PABP. These results sug-
gest that both PAMs in one Paipl molecule simultaneously
interact with one PABP molecule and are not available to
associate with PABP(RRM1-4). Additional experiments were
performed to address this issue (see below).

If the above interpretation is correct, then Paipl would be
expected to simultaneously interact with PABP(RRM1-4) and
PABP(C-term) fragments. To examine this, Paipl (25 nM) was
preincubated with PABP(RRM1-4) (75 nM) and was injected
over a PABP(C-term) surface or a control surface (Fig. 8D).
Considering the K, of the Paipl-PABP(RRM1-4) interaction
(K; = 0.56 nM [Table 1]), the majority of the injected Paipl
should be complexed with PABP(RRM1-4) at the concentra-
tions used. The Paipl-PABP(RRM1-4) complex interacted
with the PABP(C-term) surface (Fig. 8D). The dissociation
observed in the case of the Paipl-PABP(RRM1-4) injection
differed somewhat from that corresponding to the injection of
Paipl in the absence of PABP(RRM1-4) (Fig. 8D). This is
likely due to the fact that two distinct dissociation events are
being monitored: the PABP(RRM1-4) dissociation from the
Paipl-PABP(C-term) complex and the Paipl-PABP(RRM1-4)
dissociation from the PABP(C-term), hence altering the shape
of the dissociation curves. PABP(RRM1-4) did not interact
with the PABP(C-term) surface (data not shown; see also Fig.
9B). These results suggest that Paipl can associate simulta-
neously with PABP(RRM1-4) and PABP(C-term) and support
the 1:1 rearrangement model (i.e., 1:1 stoichiometry with two
contact sites).

PABP and Paipl interact with a 1:1 stoichiometry in
vitro. To validate the 1:1 stoichiometry rearrangement model
obtained by SPR, we examined whether two Paipl molecules
could interact simultaneously with one PABP molecule by using
GST pull-down assays with two differently tagged Paipl proteins
(Fig. 9A). Full-length GST-Paipl was immobilized on glutathio-
ne-Sepharose, and Paip1(117-479) in combination with full-
length PABP was then incubated with the matrix. Paip1(117-479),
which possesses both PAMs, was used instead of full-length
Paipl, as the latter comigrated with a degradation product of
PABP in SDS-PAGE. The proteins used in this pull-down exper-
iment were predominantly intact as observed by SDS-PAGE fol-
lowed by Coomassie blue staining (Fig. 9A, input, lanes 1 to 5).
GST immobilized on glutathione-Sepharose did not interact with
Paip1(117-479) or full-length PABP (lanes 6 to 8). GST-Paipl
interacted with full-length PABP but not with Paip1(117-479)
(lanes 9 and 10). Importantly, Paip1(117-479) did not coprecipi-
tate with the GST-Paip1-PABP complex (lane 11). To determine
whether two different PABP molecules can interact simulta-
neously with one Paipl molecule, we used the same proteins and
performed the reverse experiment. GST-PABP pulled down
Paip1(117-479) but did not coprecipitate full-length PABP in the
presence or absence of Paip1(117-479) (lanes 12 to 14). These
results are consistent with a 1:1 stoichiometry for the interaction
of PABP and Paipl. It is possible that these negative results
reflect the inability to effectively pull down a ternary complex.
However, these results were supported by further pull-down ex-
periments as detailed below.
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FIG. 6. SPR analysis of the interaction between PABP(C-term) and Paipl. Paipl was injected, at the concentrations indicated, over a
PABP(C-term) surface (150 RU) and over a mock surface. Data were treated and integrated with a simple 1:1 model (A), a 2:1 model (B), or a
1:1 model with rearrangement of the protein complex (C). (Top panels) Experimental sensorgrams (points) and calculated fits (solid lines).
(Bottom panels) Related residuals. Related kinetic constants are listed in Table 2.

To further confirm the SPR results suggesting that one
Paipl molecule could contact the RRMs and the C-terminal
regions of PABP simultaneously (1:1 stoichiometry with two
contact sites), we performed additional GST pull-down assays
with PABP fragments (Fig. 9B). The proteins used in this
pull-down experiment were predominantly intact as observed
by SDS-PAGE followed by Coomassie blue staining (Fig. 9B,

input, lanes 1 to 4). GST did not interact with full-length Paip1
and PABP(RRMI-2) (lanes 5 to 7). GST-PABP(C-term)
clearly precipitated full-length Paipl but not PABP(RRM1-2)
(lanes 8 and 9). Interestingly, GST-PABP(C-term) associated
with PABP(RRM1-2) in the presence of full-length Paipl
(lane 10). This result confirms that Paipl can interact simul-
taneously with RRMs 1 and 2 and the C-terminal domain of

TABLE 2. Kinetic and thermodynamic constants for the Paipl-PABP(C-term) interaction calculated by globally fitting the experimental data
set shown in Fig. 6 to various kinetic models

Parameter

Value (mean = SD) in:

Simple model

2:1 stoichiometry model Rearrangement model

kst (M1 s7h) (3.7 +0.1) X 10°

kaiss1 (71 (1.79 = 0.05) x 1072
kassZ (Mil sil) NA“

kdissZ (Sil) NA

Surface activity (RU) 37.6 = 0.5

K, (nM) 4.7 +0.2¢

K,, (nM) NA

K japp (nM) 4702

SD of residuals (RU) 2.089

7.1 statistic 32.67

72 statistic 2.887

(3.7+02) x 10°
(3.0 +02) X 1072
(3.8 +0.1) X 10°
(72 +0.9) x 1074

(4.9 + 0.1) x 10°
(2.5 +0.1) X 1072
(1.23 = 0.05) X 102
(1.5 +0.07) x 1073

259+ 0.5 534 +0.7
79 + 10 52+ 4
1.8+03 0.12 = 0.01¢
NA 57=*1¢
1.370 1.337
18.89 17.49
0.635 0.375

“ NA, not applicable.

b Per second.

“Ka1 = Kaissilkass-

4 No unit.

‘K =[Kq X1+ KAZ)]’l, with K, = K;; ' and K, = K, L

dapp
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FIG. 7. SPR analysis of the interaction between PABP and Paip1. Paip1 was injected, at the concentrations indicated, over a PABP surface (200
RU) and over a mock surface. Data were treated and integrated with a simple 1:1 model (A), a 2:1 model (B), or a 1:1 model with rearrangement
of the protein complex (C). (Top panels) Experimental sensorgrams (points) and calculated fits (solid lines). (Bottom panels) Related residuals.

Related kinetic constants are listed in Table 3.

PABP and supports the 1:1 stoichiometry model. In addition,
this experiment demonstrates that the interactions between
Paipl and the different PABP regions are relatively stable and
that these pull-down experiments can effectively detect a ter-

nary complex.

PABP and Paipl interact with a 1:1 stoichiometry in HeLa
cell extracts. We wished to further establish the 1:1 stoichiom-
etry model that was based on in vitro data by carrying out
experiments using GST pull-down assays and immunoprecipi-

tation with extracts prepared from HeLa cells. HeLa cells were

TABLE 3. Kinetic and thermodynamic constants for the full-length PABP-Paip1 interaction calculated by globally fitting the experimental

data set shown in Fig. 7 to various kinetic models

Value (mean = SD) in:

Parameter

Simple model

2:1 stoichiometry model

Rearrangement model

kassl (M7l sil)

Kaiss1 571)

kassZ (M7l sil)

Kaisz 571)

Surface activity (RU)

K, (nM)
K, (nM)
Kdupp (I]M)

SD of residuals (RU)
7.1 statistic
72 statistic

(9.0 +0.2) x 10°
(1.34 = 0.04) x 1073

1.48 = 0.09°
NA
1.48 = 0.09

1.396
20.97
2.328

(2.8 +03) x 10°
(2.7 +02) X 1072
(1.35 = 0.04) x 10°
(7.19 = 0.06) x 10~
434 +09

96 = 16
0.53 = 0.06
NA

1.024
11.33
1.328

(1.11 = 0.03) x 10°
(25+02)x 1072
(1.44 = 0.06) X 102
(1.32 = 0.08) x 103

787+ 1.4

22.6 = 0.8
0.091 = 0.009¢
1.9 £0.3°

1.046
11.77
1.461

“ NA, not applicable.
® Per second.

“Ka1 = Kaissilkass-

4 No unit.

‘K

dapp

= [Kq X (1 + Kp)] ™! with Ky = Ky ™' and Kyp = Ko7'
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FIG. 8. Stoichiometry of the PABP-Paipl interaction determined
by SPR. (A) Interactions between PABP(RRM1-4) and Paip1 or Paip2
captured on a PABP surface. Paipl (1 pM) or Paip2 (100 nM) was
injected over a PABP surface (1,500 RU) and a mock surface. The
Paipl and Paip2 injections were followed by an injection of
PABP(RRM1-4) (100 nM) (dashed line). (B and C) Enlargements of
PABP(RRM1-4) binding curves shown in panel A after injection of
PABP(RRM1-4) for Paipl (B) or Paip2 (C). (D) PABP(C-term) in-
teractions with Paipl-PABP(RRM1-4) complex. Paipl (25 nM) prein-
cubated (or not) with PABP(RRM1-4) (75 nM) was injected (300 s)
over a PABP(C-term) surface (150 RU) and a mock surface.
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cotransfected with various combinations of pcDNA3-GST,
pcDNA3-GST-Paipl, and pcDNA3-Flag-Paipl, followed by
GST pull-down assays on cell extracts. The levels of expression
of recombinant GST, GST-Paipl, and Flag-Paip1, as well as
endogenous PABP, are shown for each cotransfection set (Fig.
10A, lanes 5 to 8). Both GST and GST-Paip1 bound efficiently
to the glutathione-Sepharose resin (lanes 1 to 4). As expected,
endogenous PABP was associated with GST-Paipl but not
with GST (compare lanes 1 and 2 to lanes 3 and 4). However,
Flag-Paipl failed to associate with the GST-Paip1-PABP com-
plex (lane 1) or GST (lane 3). To ensure that the transfected
Flag-Paipl protein is capable of binding to PABP, immuno-
precipitation experiments with anti-Flag antibody were per-
formed. The levels of expression of transfected proteins and
endogenous PABP are shown for each cotransfection set (Fig.
10B, lanes 5 to 8). Flag-Paipl immunoprecipitated with anti-
Flag antibody and was associated with endogenous PABP
(lanes 1 and 3). GST-Paipl did not coprecipitate with the
Flag-Paipl-PABP complex (lane 1). GST-Paipl and GST were
not immunoprecipitated with anti-Flag antibody (lanes 2 and
4). We estimate (by visual inspection) that the sensitivity of
detection of the Flag-Paipl and GST-Paipl by the anti-Flag
and anti-GST antibodies, respectively, is such that 0.5% of the
transfected proteins would be detected in this assay. Approx-
imately 10% of GST-Paipl and Flag-Paipl were precipitated
with glutathione-Sepharose and Flag antibody, respectively
(Fig. 10A, lanes 1 and 2, and B, lanes 1 and 3). Both proteins
interact with similar affinity with endogenous PABP, since they
both precipitated ~5% of endogenous PABP (Fig. 10A, lanes
1 and 2, and B, lanes 1 and 3). Thus, if the stoichiometry of
interaction were 2:1, equivalent amounts of both tagged Paipl
proteins would be expected to coprecipitate in a complex with
PABP. This amount is ~2.5% of the expressed GST-Paipl or
Flag-Paipl and thus is fivefold above the level of detection
(0.5% of the transfected proteins). Therefore, these data
strongly suggest that only one Paipl molecule can bind to one
PABP molecule in cells, supporting the 1:1 stoichiometry
model.

To further support this conclusion, it was pertinent to use a
positive control for a 2:1 stoichiometry. We used Paip2, since
we previously demonstrated that two Paip2 molecules could
bind to one PABP molecule (20). We repeated these experi-
ments with HeLa cells transfected with plasmids encoding
GST, GST-Paip2, and HA-Paip2. The levels of expression of
recombinant GST, GST-Paip2, and HA-Paip2 as well as en-
dogenous PABP are shown for each cotransfection set (Fig.
10C, lanes 1 to 4). Both GST and GST-Paip2 were efficiently
precipitated with glutathione-Sepharose resin (lanes 5 to 8). As
expected, endogenous PABP coprecipitated with GST-Paip2
but not with GST (compare lanes 5 and 6 to lanes 7 and 8).
Importantly, HA-Paip2 coprecipitated with the GST-Paip2-
PABP complex (lane 8) but did not associate with GST (lane
6). This result confirms a 2:1 stoichiometry for the Paip2-
PABP interaction and validates our technical approach.
This control is particularly significant because the affinity of
the PAM2 in Paip2 for PABP is 15-fold lower than that of
Paipl (Table 2) (20). Yet, in spite of the lower affinity, the
simultaneous binding of two Paip2 molecules to PABP was
detectable in the GST pull-down assay.

Taken together, our data demonstrate that Paipl binds to
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FIG. 9. Stoichiometry of the PABP-Paipl interaction in vitro. GST pull-down assays were performed with purified PABP and Paip1 fragments.
(A) GST, GST-Paip1, and GST-PABP (5 ng) were immobilized on glutathione-Sepharose beads and incubated with Paip1(117-479) and/or PABP
(5 pg). (B) GST and GST-PABP(C-term) (10 pg) were immobilized on glutathione-Sepharose beads and incubated with Paipl (2.4 pg) and/or
PABP(RRM1-2) (1.8 pg). Bound proteins were eluted in Laemmli loading buffer and analyzed by SDS-11% PAGE. One microgram of each
protein was loaded as input. The gels were stained with Coomassie blue R-250. Positions of the molecular mass markers are shown on the left of
each panel. Proteins are identified on the right of each panel. The presence of additional bands is due to protein degradation.

PABP with a 1:1 stoichiometry and that the binding involves
two contact sites on each of the interacting partners.

DISCUSSION

In this study, we mapped the mutual binding sites of Paipl
and PABP. Far-Western analysis revealed that both proteins
contain two reciprocal binding sites (Fig. 2 and 3; a model is
shown in Fig. 11A). Furthermore, GST pull-down experiments
indicated that the PAM2 of Paipl (aa 116 to 143) interacts
within the last 138 aa of the C-terminal domain of PABP and
that the acidic PAMI of Paipl (aa 440 to 479) interacts with
the RRMs 1 and 2 of PABP (Fig. 4). Significantly, PAM1 and
PAM?2 are shared between Paipl and Paip2. PAM1 is a 40- to
50-acidic-amino-acid-rich region (aa 440 to 479 in Paip1 and aa
22 to 75 in Paip2) which interacts with the RRMs of PABP
(RRM1-2 and RRM2-3 for Paipl and Paip2, respectively)
(20). PAM2 is a conserved 15-amino-acid stretch (aa 123 to
137 of Paipl and aa 106 to 120 of Paip2) that binds to the C
terminus of PABP (Fig. 1A and 4).

PAMI1 of Paipl was previously shown to interact with PABP
(5). This region was further delimited here to a smaller stretch
of amino acids (C-terminal 39 aa). In contrast, PAM2 of Paipl
was not identified in the original study because no Paipl frag-
ments N terminal of residue 135 were used for the mapping of
PABP binding sites (5). Interestingly, PAM2 is conserved in
several proteins with a role in translation, including Paipl,
Paip2, and eukaryotic release factor 3, and in some with no
apparent role in translation, such as ataxin-2 and transducer of
ErbB-2 (8, 20, 23). Therefore, Paipl and Paip2 may compete

with C-terminal binding partners of PABP to modulate func-
tions of PABP, such as translation, mRNA stabilization, or
yet-unknown functions. In addition, the C-terminal domain of
PABP, which interacts with PAM2, is conserved in the HYD
family of ubiquitin ligases (8). Paip1 was shown to interact with
the C terminus of the HYD ubiquitin ligase via PAM2 (8).
These interactions could potentially target Paip1, Paip2, other
PAM?2 containing proteins, and possibly even PABP for deg-
radation by the ubiquitination pathway (8). Ubiquitination may
serve as a regulator of mRNA circularization and translation
by affecting the half-lives of Paipl and Paip2.

It was previously shown that Paipl interacts with RRMs 1
and 2 (aa 3 to 182) of Xenopus PABP and with a C-terminal
truncation of RRMs 1 and 2 (aa 3 to 137, compared to aa 1 to
189 of human PABP used in this study) (14). RRMs 1 and 2 are
also responsible for the interaction of PABP with eIF4G (14).
However, a C-terminal truncation of RRMs 1 and 2 of Xeno-
pus PABP (aa 3 to 137) resulted in the loss of interaction with
elF4G (14). It will be important to investigate whether Paipl,
elF4G, and the poly(A) tail can bind simultaneously to RRMs
1 and 2 and to further characterize the effects of these inter-
actions on translation. Unlike Paipl, Paip2 interacts with a
sequence located within RRMs 2 and 3 and interferes with the
binding of PABP to the poly(A) tail (20, 22), probably by steric
hindrance. Paip1 also interacts with PABP fragments RRM2-3
and RRM3-4, but to a much lesser extent than with RRM1-2
(Fig. 3). It also interacts weakly with the individual RRM1 and
RRM2 fragments (Fig. 3). Since RRMs 1 and 2 are responsible
for most of the poly(A) binding activity of PABP (6, 24) and
Paipl interacts strongly with this region, additional experi-
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FIG. 10. Stoichiometry of the PABP-Paip1 interaction in HeLa cell
extracts. HeLa cells were cotransfected with different combinations of
pcDNA3-GST, pcDNA3-GST-Paipl, pcDNA3-Flag-Paipl, pcDNA3-
GST-Paip2, and pACTAG-2-Paip2 as indicated. GST pull-down assays
using glutathione-Sepharose beads (A and C) or immunoprecipitations
with anti-Flag antibody (B) were performed with protein extracts (300 p.g)
prepared from the transfected cells. Precipitated proteins (indicated as
GST pull-down or immunoprecipitation anti-Flag) or expressed and en-
dogenous proteins (30 pg; input) were resuspended in Laemmli sample
buffer and resolved by and SDS-8 or 12.5% PAGE. Proteins were sub-
sequently transferred onto a nitrocellulose membrane and detected by
Western blotting with the following antibodies: anti-GST, anti-Flag, anti-
HA, and anti-PABP (see Materials and Methods). Proteins are identified
on the left of each panel. IgG, immunoglobulin G.
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FIG. 11. Model of the Paip1-PABP interaction. (A) Schematic rep-
resentation of the PAM1 and PAM2 domains in Paipl and Paip2.
PAMI corresponds to aa 440 to 479 and 22 to 75 in Paipl and Paip2,
respectively. PAM2 is located at aa 123 to 137 and 106 to 120 in Paipl
and Paip2, respectively. (B) Paipl and PABP interact with a 1:1 stoi-
chiometry via two contact sites on each protein. The Paipl-PABP
complex possibly interacts with eIF4A and other translation factors to
participate in ribosome recruitment and translation initiation.

ments will be necessary to determine whether Paip1 binding to
PABP affects the poly(A) binding affinity of PABP in solution.
It is noteworthy, however, that Paipl interacts with PABP
which is bound to poly(A)-Sepharose (5).

The stoichiometry of the interactions of Paipl with full-length
PABP and PABP fragments was determined by a combination of
SPR, GST pull-down, and immunoprecipitation experiments
(Fig. 5 to 10). Paip1 interacts with both the RRMs and C-terminal
fragments of PABP with a 1:1 stoichiometry (Fig. 5 and 6). In-
terestingly, the interactions of both Paipl and Paip2 with the
RRM region of PABP are well depicted by a simple 1:1 stoichi-
ometry model, whereas their interactions with the C terminus of
PABP are better depicted by a 1:1 stoichiometry rearrangement
model. The interaction of Paipl with the RRM region is about
10-fold stronger than that with the C-terminal domain of PABP
(K, = 0.56 and 5.7 nM, respectively [Tables 1 and 2]), compared
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to a >200-fold difference in Paip2 (K, = 0.31 and 85 nM, respec-
tively) (20). Strikingly, the kinetic and thermodynamic constants
for the interactions between Paipl and Paip2 with the
PABP(RRM1-4) fragment are very similar (K, = 0.56 and 0.31
nM, k.= 1.31 X 10°and 1.9 X 10° M~ ' s~ !, and k4, = 7.4 X
10~* and 6 X 10~* s~ for Paip1 and Paip2, respectively) (Table
1) (20).

In contrast to the similarity of the Paipl and Paip2 interac-
tions with the PABP(RRM1-4) region, the kinetic and ther-
modynamic constants for the interactions with the PABP(C-
term) fragment are different. Paip1 has a 15-fold-higher affinity
for the C terminus of PABP than Paip2 (K,,,,,= 5.7 and 85 nM
for Paipl and Paip2, respectively) (Table 2) (20). This differ-
ence is mainly due to a higher association rate (k,.; = 4.9 X
10° and 1.1 X 10° M~ ' s™* for Paipl and Paip2, respectively)
(Table 2) (20) and to a higher rearrangement rate (k,., = 12
X 1073 and 3 X 1072 s~ ! for Paipl and Paip2, respectively)
(Table 2) (20). In both cases, the protein complex dissociation
rates (kys;) are similar (2.3 X 1072 and 2.5 X 1072 s~ ! for
Paipl and Paip2, respectively) (Table 2) (20). The difference in
the affinities of Paipl and Paip2 for the C-terminal region of
PABP, as well as the existence of other C-terminal PABP
binding partners, suggests that this region plays an important
role in modulating the activity of PABP by recruiting different
binding partners depending on their relative affinities and dif-
ferent local concentrations. The physiological significance of
this needs to be examined.

We previously demonstrated that the interaction between
Paip2 and full-length PABP is consistent with a 2:1 stoichiom-
etry model (20). Paip2 exhibits the same affinity for the RRM
and the C-terminal domains of PABP when full-length PABP
or PABP fragments are used (20). In contrast, this study pro-
vides strong evidence that the interaction of Paipl with PABP
occurs with a 1:1 stoichiometry (Fig. 8 to 10). According to the
SPR data, the interaction between Paip1 and full-length PABP
has an apparent K, of 1.9 nM (Table 3), which is intermediate
to the Ks of the Paipl-PABP(RRM1-4) and Paip1-PABP(C-
term) interactions (0.56 nM [Table 1] and 5.7 nM [Table 2],
respectively). In light of the 1:1 stoichiometry model for the
interaction between full-length PABP and Paip1 and the asso-
ciation rates for the interaction of the RRMs and the C ter-
minus of PABP (compare k,; in Tables 1 and 2), it is likely
that Paipl first binds to the RRM region and then contacts the
C terminus of PABP. This multiple-contact mode of binding
may weaken the RRMs-Paipl interaction, thereby explaining
why the K, for Paip1 binding to full-length PABP falls between
the K, values determined for the PABP fragments. Interest-
ingly, the kinetic constants for the rearrangement step of Paipl
binding to full-length PABP and to the C-terminal fragment of
PABP are strikingly similar (compare k., and kg;, in Tables
2 and 3). This rearrangement step may correspond to a change
in conformation, which occurs when Paipl binds to the C
terminus of PABP, in the contexts of both the fragment and
full-length PABP. We found that the same kinetic model (1:1
stoichiometry with rearrangement) fit the data for the binding
of Paip2 to the C terminus of PABP (20). It was suggested
from nuclear magnetic resonance studies that Paip2, which is
unfolded, becomes structured by an induced-fit mechanism
upon binding to the C terminus of PABP (23). Accordingly,
this induced folding of Paip2 may correspond to the rearrange-
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ment step that was detected by SPR. Since SPR also detected
a rearrangement step for Paipl, it may be that Paipl is un-
folded and becomes structured upon binding.

Paip2, which is a small protein (14 kDa), interacts with
PABP with a 2:1 stoichiometry (20); however, Paipl interacts
with a 1:1 stoichiometry. Interestingly, a similar 1:1 stoichiom-
etry was shown for two other translation initiation factors.
elF4G possesses two separate elF4A binding sites, one in its
middle domain and the other in its C-terminal domain (17, 29).
However, it was proposed that one eIF4A molecule contacts
both eIF4A binding sites in eIF4G simultaneously (17, 29).
This is also supported by in vivo data (27). It was shown that
the eIF4A binding to the C terminus of eIF4G has a modula-
tory function (29). It is possible that a similar mechanism exists
for the PABP-Paipl interaction.

Since both Paipl and eIF4G interact with eIF4A and PABP
(5, 16, 17), it will be interesting to determine if these proteins
are found together in a complex that regulates translation
initiation and to elucidate the stoichiometry of these proteins
in such a complex (Fig. 11B). It will also be important to map
the eIF4A binding site in Paip1 as well as the Paip1 and eIF4G
binding sites in eIF4A.

In conclusion, PABP possesses two Paip1l binding sites, one
located within RRMs 1 and 2 and the other located within the
C-terminal domain. Paipl also possesses two PABP binding
sites, PAM1 and PAM2. PAM1, the higher-affinity binding site,
is located within the C terminus of Paipl (aa 440 to 479) and
binds to RRMs 1 and 2. PAM2, the lower-affinity binding site,
is located within the N terminus of Paipl (aa 116 to 143) and
interacts with the C terminus of PABP. Paipl interacts with
PABP with a 1:1 stoichiometry, in contrast to Paip2, which
binds to PABP with a 2:1 stoichiometry. These newly described
interactions will serve as a basis to design dominant negative
mutants of Paipl and PABP which may be used to shed more
light on the roles of these proteins and their mechanisms of
action in translation regulation.
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