|BC RESEARCH ARTICLE

Check for
updates

Paip2A inhibits translation by competitively binding to the
RNA recognition motifs of PABPC1 and promoting its
dissociation from the poly(A) tail
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Eukaryotic mRNAs possess a poly(A) tail at their 3'-end, to
which poly(A)-binding protein C1 (PABPC1) binds and recruits
other proteins that regulate translation. Enhanced poly(A)-
dependent translation, which is also PABPC1 dependent,
promotes cellular and viral proliferation. PABP-interacting
protein 2A (Paip2A) effectively represses poly(A)-dependent
translation by causing the dissociation of PABPC1 from the
poly(A) tail; however, the underlying mechanism remains un-
known. This study was conducted to investigate the functional
mechanisms of Paip2A action by characterizing the PABPC1-
poly(A) and PABPC1-Paip2A interactions. Isothermal titration
calorimetry and NMR analyses indicated that both interactions
predominantly occurred at the RNA recognition motif (RRM)
2—-RRM3 regions of PABPC1, which have comparable affinities
for poly(A) and Paip2A (dissociation constant, K; = 1 nM).
However, the K, values of isolated RRM2 were 200 and 4 pM in
their interactions with poly(A) and Paip2A, respectively; K,
values of 5 and 1 pM were observed for the interactions of
isolated RRM3 with poly(A) and Paip2A, respectively. NMR
analyses also revealed that Paip2A can bind to the poly(A)-
binding interfaces of the RRM2 and RRM3 regions of
PABPCI1. Based on these results, we propose the following
functional mechanism for Paip2A: Paip2A initially binds to the
RRM2 region of poly(A)-bound PABPC1, and RRM2-anchored
Paip2A effectively displaces the RRM3 region from poly(A),
resulting in dissociation of the whole PABPC1 molecule.
Together, our findings provide insight into the translation
repression effect of Paip2A and may aid in the development of
novel anticancer and/or antiviral drugs.

mRNAs synthesized in the nuclei of eukaryotic cells are
transported to the cytoplasm after addition of a 5’ cap and
polyadenylate (poly(A)) tail to their 5'- and 3'-ends, respec-
tively (1). Addition of the poly(A) tail to mRNA, known as
poly(A)-dependent translation, enhances translation (2). The
poly(A) tail contains multiple molecules of poly(A)-binding
protein C1 (PABPC1), which form a one-dimensional array
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on the poly(A) tail, where each PABPC1 molecule recognizes
24 to 27 bases (3, 4). Poly(A)-bound PABPC1 molecules play
important roles in poly(A)-dependent translation by recruiting
various factors such as the eukaryotic translation initiation
factor 4G (5) and translation termination eukaryotic peptide
release factor 3 (6).

The expression of PABPC1 appears to be positively corre-
lated with the proliferation of cells and viruses. For instance,
human and mouse heart cells proliferate immediately after
birth, during which the PABPC1 expression is enhanced. After
their growth, cell proliferation is repressed, and PABPC1
expression is reduced (7). In addition, the mRNA levels of
PABPC1 are increased in colon cancer cells, where cell pro-
liferation is active (8). Some viruses, such as dengue virus,
utilize PABPC1 in their host cells to translate viral mRNA,
thereby resulting in virus proliferation (9). PABPC1 also ac-
cumulates in cytomegalovirus-infected cells (10).

Among the PABPCI1-binding proteins that regulate trans-
lation, Paip2A exerts a unique function, in that it down-
regulates poly(A)-dependent translation by dissociating
PABPC1 from the poly(A) tail (11). Reportedly, the expression
of Paip2A represses the proliferation of oncogene-transformed
NIH3T3 cells (12), which increases the intracellular concen-
trations of Paip2A and represses the replication of dengue
virus and cytomegalovirus (9, 13). This represents a mecha-
nism by which Paip2A dissociates PABPC1 from the poly(A)
tail and may provide a molecular/structural basis for the
development of anticancer or antiviral drugs.

PABPC1 is a 636-residue protein with a molecular weight of
71 kDa (Fig. 1). It possesses four tandemly repeated RNA
recognition motifs (RRM1-4) at the N terminus, each of which
consists of approximately 90 residues, and a PABP C-terminal
domain (PABC) (also known as MLLE [Mademoiselle])
domain with 75 residues at the C terminus, connected by a
170-residue unstructured linker region (14). The RRM region
is responsible for the poly(A)-binding ability of PABPCI,
where the dissociation constant, K; value, for the interaction of
the truncated PABPCI containing four RRMs (residues 1-370,
hereafter referred to as RRM1/2/3/4) with poly(A) is approx-
imately 0.15 nM (15), which is comparable to that of full-
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Paip2 competitively dissociates PABPC1 from poly(A)
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Figure 1. Domain composition of PABPC1(14) and Paip2A(17). PABPC1 is a 636-residue protein with four RNA recognition motifs (RRMs) in the N
terminus. Residues 11 to 89, 99 to 175, 191 to 268, and 294 to 370 are RRM1, RRM2, RRM3, and RRM4, respectively. The C terminus contains an unstructured
region named as the linker and a PABC (PABP C-terminal domain). Paip2A is a 127-residue protein with PABP-interacting motif 1 (PAM1) in the N terminus
and PABP-interacting motif 2 (PAM2) in the C terminus. PABPC1, poly(A)-binding protein C1; Paip2A, PABP-interacting protein 2A.

length (FL) PABPC1 (0.69 nM) (15). The crystal structure of
another truncated PABPC1 containing RRM1 and RRM2
(residues 1-190, hereafter referred to as RRM1/2) in complex
with a poly(A) RNA with nine bases (Ay) has been reported
(16), where each RRM consists of two a-helices and a four-
stranded [B-sheet. The two a-helices are positioned on one
side of the B-sheet, whereas the poly(A) binds to the [-sheet
surface on the other side of the a-helices (16).

Paip2A, a 127-residue protein with a molecular weight of
15 kDa (Fig. 1), possesses two PABPCl-interacting motifs,
PAM1 and PAM?2, at its N and C termini, respectively (17).
The K, value for the Paip2A-PABPC1 interaction was re-
ported to be approximately 0.66 nM. PAM1 binds primarily to
the RRM2-RRM3 region of PABPC1 (17); in contrast, PAM2
binds to the C-terminal PABC domain of PABPC1 with a K; of
74 to 400 nM (17, 18). Although the PAM2-PABC interaction
plays a role in Paip2A function (18), the more than 100-fold
difference in the K, values between PAMI1 and PAM?2 for
PABPC1 suggests that the interaction between the RRM re-
gion and PAM]1 plays a major role in PABPC1-Paip2A bind-
ing. Particularly, the function of Paip2A to dissociate PABPC1
from poly(A) is likely ascribed to binding of PAM1 to the RRM
region (17), as the RRM region is responsible for poly(A)
binding of PABPCI.

The binding affinity of PABPC1 for Paip2A is comparable to
that for poly(A), with a K; value of approximately 0.7 nM
(15, 17). However, the mechanism by which Paip2A dissociates
poly(A) from PABPC1 remains unclear. Here, we examined
the functional mechanisms of Paip2A by characterizing the
PABPCl-poly(A) and PABPCI1-Paip2A interactions using
surface plasmon resonance (SPR), isothermal titration calo-
rimetry (ITC), and NMR spectroscopy. We propose a func-
tional mechanism to explain how Paip2A effectively dissociates
PABPC1 from poly(A), despite its comparable affinities of
PABPC1 for Paip2A and poly(A).
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Results
Paip2A dissociates PABPC1 from poly(A)

We previously reported the poly(A)-binding affinity of hu-
man PABPC1 and RRM1/2/3/4, wherein the K;s for poly(A)
with a length of 24 bases (Ay;) were 0.69 and 0.15 nM,
respectively, using SPR (15). The comparable K; values indi-
cate that the region from RRM1 to RRM4 is primarily
responsible for the poly(A)-binding affinity of PABPC1.

Here, we expressed and purified human Paip2A(full-length)
(hereafter, Paip2A[FL]) and examined its ability to dissociate
PABPC1 or RRM1/2/3/4 from A, using SPR. The purity of
the prepared samples was determined by SDS-PAGE (Fig. S1,
A, B and H). When PABPC1 or RRM1/2/3/4 were applied to
the Aj-attached sensor chip, the resonance unit, that is,
response, was increased and became saturated, approaching
the maximum value of the sensorgram (Fig. 2). In our previous
study, subsequent dissociation was observed using running
buffer. Together with the association, the K; values for poly(A)
were 0.69 and 0.15 nM, respectively (15). Here, rather than
using running buffer, Paip2A(FL) was applied to PABPC1 and
RRM1/2/3/4 bound to poly(A). Upon application of Pai-
p2A(FL), the resonance unit decreased in a Paip2A(FL)
concentration—dependent manner, indicating that the purified
Paip2A(FL) could dissociate PABPC1 and RRM1/2/3/4 from
A, Notably, Paip2A dissociated PABPC1 more efficiently
than RRM1/2/3/4, which does not possess the linker and
PABC (Fig. 2). This may be because of the interactions be-
tween PAM?2 and PABC.

Paip2A residues 26 to 83 are involved in interactions with the
RRM region of PABPC1

As RRM1/2/3/4 is responsible for the poly(A)-binding af-
finity of PABPCI1, we investigated the interactions of Pai-
p2A(FL) with RRM1/2/3/4 using solution NMR. First, we
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Figure 2. Surface plasmon resonance results for the activity of prepared Paip2A(FL) that dissociates PABPC1 and RRM1/2/3/4 from poly(A).
5'-Biotinylated A,4 was immobilized on a streptavidin-coated sensor chip. Application periods for 128 nM PABPC1 (A) and RRM1/2/3/4 (B) (81-260 s) and
Paip2A(FL) (721-900 s) are indicated as bars above the sensorgrams. PABPC1, poly(A)-binding protein C1; Paip2A(FL), PABP-interacting protein 2A (full

length); RRM, RNA recognition motif.
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observed the "H—'°N heteronuclear single quantum coherence
(HSQC) spectrum of uniformly '°N-labeled Paip2A(FL)
(Fig. 3A). We assigned 98 backbone NMR resonances (80% of
123 theoretically observed resonances) by analyzing triple
resonance experiments, whereas 16 signals were present but
remained unassigned. The narrow dispersion of the 'H
chemical shifts of the backbone amide groups ranging from 7.8
to 8.6 ppm (Fig. 3A), as well as the chemical shift index of
Paip2A(FL) (Fig. S2) (19), strongly suggest that Paip2A is a
natively disordered protein.

We then observed a series of 'H-'°N transverse relaxation
optimized spectroscopy (TROSY) spectra of uniformly *H, *>N-
labeled Paip2A(FL) with sequential addition of RRM1/2/3/4,
which exhibited large spectral changes (Figs. 3B and S3). When
1.0 to 1.25 equivalents of RRM1/2/3/4 were added, 53 Pai-
p2A(FL) signals decreased in intensity and finally disappeared:
41 signals were assigned, and 12 signals were unassigned but
identified as Glu based on the side-chain 'H and *C chemical
shifts. The 51 new signals appeared at different chemical shifts,
which were smaller than 7.4 ppm or larger than 8.6 ppm in the
'H dimension (Figs. 3B and S3). In addition, the spectral
changes were saturated, suggesting that Paip2A forms confor-
mations by binding directly to RRM1/2/3/4 with a binding
stoichiometry of 1:1. Although the assignments of the signals
could not be transferred from those for the free state of Pai-
p2A(FL) through the titrations, these changes reflect the
chemical shift changes in a slow exchange regime, where the
chemical shift differences between the free-bound and RRM1/
2/3/4-bound states were much larger than their exchange rates.
Consequently, we regarded these signals in a slow exchange
regime as the “perturbed” signals. In contrast, the chemical
shift changes for residues 1, 5 to 10, 12 to 25, 84, 85, 89 to 110,
114 to 117, and 121 to 127 were very small (<0.06 ppm,
Fig. 3C), which were regarded as unperturbed signals.

The spectral changes in Paip2A(FL) after adding RRM1/2/3/
4 are summarized in Figure 3C. The signals altered in a slow
exchange regime (shown as “perturbed [P]”) were within res-
idues 26 to 83 of Paip2A, indicating that these residues are
involved in the interactions with RRM1/2/3/4.

Poly(A) binds mainly to the region from RRM2 to RRM3 of
PABPC1

To compare the contributions of each RRM to the in-
teractions with poly(A) and Paip2A, ITC analyses were per-
formed using each of the isolated motifs: RRM1 including the
RRM1-2 linker (residues 1-99), RRM2 including the
RRM2-3 linker (residues 100-190), RRM3 including the
RRM3—4 linker (residues 191-289), RRM4 (residues
290-371), and Paip2A(25-83) (residues 25—83). These pro-
teins were expressed and purified to homogeneity (Fig. SI,
D-G, I). The chemical shift index of Paip2A(25-83) (Fig. S4)
(19) strongly suggests that Paip2A(25-83) is a natively
disordered protein.

First, we investigated the interactions of poly(A) (A;) with
these RRMs using ITC. As shown in Figure 4, significant heat
exchange was observed during titration for RRM2 and RRM3,
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whereas essentially no heat exchange was observed for RRM1
and RRM4 (Fig. 4, A-D). Fitting the integrated isotherm to a
one-site binding model resulted in K, values of 200 and 4.7 uM
for RRM2 and RRM3, respectively, with a binding stoichiom-
etry of 1:1 (Fig. 4, B and C, Table 1). We further investigated
the binding affinity of the region from RRM2 to RRM3 for A;5.
We prepared a protein corresponding to the region of PABPC1
(residues 100-289, hereafter referred to as RRM2/3; Fig. S1C).
ITC analysis of the RRM2/3 binding to A, revealed a K,; value
of 1.3 nM with a 1:1 stoichiometry (Fig. 4H and Table 1),
which is similar to the reported K, value of 0.69 nM for the
PABPC1-A,, interaction (15). These results indicate that the
region from RRM2 to RRM3 in PABPC1 mainly contributes to
poly(A) interactions.

Paip2A binds to the RRM2 and RRM3 of PABPC1

Next, the contributions of each RRM to Paip2A binding
were evaluated using ITC. For Paip2A(25-83), significant heat
exchange was observed during titration for RRM2 and RRM3,
whereas no heat exchange was observed for RRM1 and RRM4
(Fig. 5, A-D). Fitting of the integrated isotherm to a one-site
binding model resulted in K, values of 4.0 and 1.3 uM for
RRM2 and RRM3, respectively, with binding stoichiometries of
1:1 in both cases (Table 2). We then investigated the in-
teractions of RRM2/3 with Paip2A(25-83). ITC analysis
revealed a K value of 1.9 nM and 1:1 stoichiometry (Fig. 5E
and Table 2), which is consistent with the reported K, value of
0.85 nM (17). We compared the NMR spectra of *H,
1°N-Paip2A(25-83) obtained following addition of 1.1 equiv-
alents of RRM2/3 with those containing added RRM1/2/3/4
(Fig. S5). The backbone assignments of Paip2A(25-83) bound
to RRM2/3 indicated that the signals from the N-terminal
region of Paip2A (residues 25-29, 31, 32, 34—41, and 43-48)
overlapped well, whereas there were slight differences in sig-
nals from the C-terminal region of Paip2A (residues 49-52, 57,
58, 60-65, 73-75, 77, 78, 80, 82, and 83). The slight differences
were likely caused by differences in the sequence of RRM2,
with a cloning artifact (GPLGS) in the RRM2/3 versus a linker
between RRM1 and RRM2 in RRM1/2/3/4; however, the
overall good spectral overlap suggests that the RRM2—RRM3
region of PABPCI1 is mainly responsible for Paip2A binding.

Notably, the triple resonance spectra of *H,"*C,"’N-labeled
Paip2A(25-83) in complex with RRM2/3 showed line broad-
ening, and thus 64 scans on the NMR of 800 MHz with a
cryogenic probe were required to observe broadened '*Ca
resonances in the HNCA and HN(CO)CA spectra even at the
high sample concentration of 830 uM. This feature likely re-
flects a local conformational exchange in the complex. Using
the backbone assignments of the complex (Fig. 6A), the
chemical shift perturbation (CSP) of the interaction between
Paip2A(25-83) and RRM2/3 was analyzed. As shown in
Figure 6B, residues 31 to 79 of Paip2A(25-83) underwent
chemical shift changes or disappearance upon RRM2/3
binding.

To determine which RRM caused perturbations in
Paip2A(25-83) residues 31 to 79, we observed the ‘H-'°N
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HSQC spectra of **N-labeled Paip2A(25-83) in the RRM2-
bound or RRM3-bound state. Figures 6, C and D and S6
show the spectral changes after addition of the isolated
RRM2 and RRMS3, respectively, which indicated that the
different Paip2A regions were perturbed by binding of the
isolated RRM2 and RRM3 but that the perturbed residues
partially overlapped. The Paip2A(25-83) residues perturbed by
RRM2 binding were residues 44 to 70 and 74 to 79, whereas
those perturbed by RRM3 binding were residues 27 to 70, and
residues 44 to 70 overlapped (Fig. 6E). Notably, the "H-">N
HSQC spectra of Paip2A(25-83) in the RRM2-bound or
RRM3-bound state did not overlap with the corresponding
signals in the NMR spectrum of Paip2A(25-83) in the RRM2/
3-bound state (Fig. S7, A and B). These findings suggest that
the binding mode of isolated RRM2 and RRM3 differs from
that of RRM2/3. This is consistent with the NMR observation
of RRMs, in which overlay of the HSQC spectra of

Paip2A(25-83)-bound RRM2 and RRM3 did not reproduce
the HSQC spectrum of Paip2A(25-83)-bound RRM2/3
(Fig. S7C). Thus, the isolated RRM2 and RRM3 preferentially
bind to the C-terminal and N-terminal regions of Paip2A, with
an overlapping region at the central part of Paip2A (residues
44-70); however, the binding mode of RRMs slightly differs
from that in the RRM2/3-bound state.

Poly(A)-binding interface of RRM2 and RRM3

To identify the residues of RRM2/3 involved in the in-
teractions with poly(A) and Paip2A, we analyzed the NMR
spectral changes in RRM2/3 after adding A;, or
Paip2A(25-83). We assigned 177 backbone NMR resonances
(94%) of RRM2/3 of the 189 theoretically observable reso-
nances by analyzing the number of triple resonance experi-
ments using uniformly '*C, '°N-labeled RRM2/3 with

following equation: &

1/A1H2+(A|5N/6.5)2, where Ay and A5y are the chemical shift changes in the "H and >N dimensions, respectively. HSQC,

heteronuclear single quantum coherence; Paip2A(FL), PABP-interacting protein 2A (full-length); RRM, RNA recognition motif; TROSY, transverse relaxation

optimized spectroscopy.
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Table 1

Thermodynamic parameters obtained via ITC analysis of each RRM-poly(A) and RRM2/3-poly(A) interaction

Poly(A) RRM N K; (M) AH (kJ/mol) AG (kJ/mol) AS (kJ mol™* K™)

A, RRM1 ND ND ND ND ND
RRM2 14+ 0.1 (2.0 £ 0.4) x 107* -60 + 2 -21 -0.13
RRM3 1.2 (4.7 £ 0.3) x 107° -1.5 x 10% -30 —0.41
RRM4 ND ND ND ND ND
RRM2/3 0.92 + 0.01 (0.71 + 0.1) x 107° -2.1 x 10% -35 -0.59

Aps RRM2 1.4 (70 + 3) x 107° -60 + 1 -24 -0.11
RRM3 1.0 (052 + 0.3) x 107° -1.6 x 10% -36 -0.41
RRM2/3 1.1 (1.3 £ 0.6) x 107° -2.0 x 10* -51 -0.49

Abbreviation: ND, not detected.

A7: Poly(A) containing seven bases of adenine; Aj,: Poly(A) containing 12 bases of adenine.

For N, K, and AH, if the value of error is less than significant, the error is not stated.
“ N is the molar ratio of RRM to poly(A) or A; to RRM2/3.

reference to the backbone assignments of RRM2 and RRM3
that were independently established (Fig. S8).

Next, Aj, titration experiments were performed by moni-
toring the 'H-'"N HSQC spectra of uniformly '°N-labeled
RRM2/3 (Fig. 7A). The NMR spectral changes during the ti-
trations differed between signals from the RRM2 and RRM3
regions (Figs. 7B, S9, A and B). As shown in Fig. S94, when
0.25 equivalents of A;, were added, the intensity was signifi-
cantly reduced predominantly for RRM3 residues (Fig. S9A):
20 signals for RRM3 residues (V193, K196-G199, A217-S219,
M223, E226, G232, F235, V236, R240, H241, N257, 1261, V263,
G264, and A266), and only four RRM2 residues (1103, K138,
G171, and E189). After adding 0.25 to 0.5 equivalents of A;,,
the intensity of 26 signals from RRM2 was reduced (N100-
F102, K104, N105, C128, V130, V131, E134, G139-V143,
E152, K157, N159, V168-V170, E182, G184—A187, and F190)
and 24 from RRM3 (N192, Y194, M202-D204, F211, V220,
V222, T224, S230, K231, G234, F238, E242—A244, G253, L256,
1261, V270, E271, and Q273-E275) (Fig. S9B). When 0.75 to
1.0 equivalents of Aj;, were added, several signals showed
different chemical shifts (Fig. S10, D and E); finally, the
changes were saturated upon addition of 1.25 equivalents of
A, (Figs. S1I0F and S11). Assuming the poly(A)-binding af-
finities of the RRM2 and RRM3 regions of RRM2/3 as those of
the isolated RRM2 (K; = 200 uM) and RRM3 (K,; = 4.7 uM),
respectively, this spectral change reflects differences in the

affinities between RRM2 and RRM3. In the presence of 0.25
equivalents of Aj,, most A;, molecules bind to two RRM2/3
molecules, with RRM3 region in RRM2/3 directly binding to
poly(A) and leaving the RRM2 region in the A;;-unbound
state (Fig. 7C). As the K; value of RRM2/3 and Aj; is 1.9 nM,
the complex should be sufficiently stable. However, the spec-
tral changes indicate that the RRM2 region in Aj,-bound
RRM2/3 is replaced by the RRM3 region of another RRM2/3
molecule.

To investigate the CSP of RRM2/3 after adding Aj,, we
established backbone NMR assignments for RRM2/3 in the
A1y-bound state based on a series of triple resonance experi-
ments with reference to the assignments of RRM2 and RRM3
in complex with A;, where 152 backbone resonances (96.7%,
65.3% of the theoretically observed RRM2 and RRM3 reso-
nances, respectively) were successfully assigned (Fig. S12). The
CSPs are shown in Figure 7D. The resonances with the CSP
were more than 0.20 ppm, and those that underwent chemical
shift changes in a slow exchange regime were regarded to be
from perturbed residues, as follows: I101-N105, C128, V131,
K138, Y140-V143, N159, V168-G171, F173, E178, R179,
A181, K188, and F190 for RRM2, and T191-Y194, K196—
G199, M202, D203, K208, V220-T224, K231-S237, E239—
E242, N257, Q260, Y262—-G264, A266, K269-Q282, and Q285
for RRM3. These residues mostly corresponded to the RRM2
and RRM3 regions of RRM2/3 (Fig. 7D). We mapped the
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Figure 5. ITC analysis of interactions of the RRM of PABPC1 with Paip2A(25-83). ITC results are shown for the interactions of Paip2A(25-83) with (A)
RRM1, (B) RRM2, (C) RRM3, (D) RRM4, and (E) RRM2/3. Upper panel, traces of the 19 titrations of 2 pl aliquots of RRM into cells containing Paip2A(25-83).
Lower panel, integrated binding isotherms obtained from the experiments were fitted using a “One Set of Sites” model. The parameters obtained from the
best fit (solid line), with error values calculated from the fitting, are summarized in Table 1. ITC, isothermal titration calorimetry; PABPC1, poly(A)-binding
protein C1; Paip2A, PABP-interacting protein 2A; RRM, RNA recognition motif.
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Table 2

Thermodynamic parameters obtained via ITC analysis of the interaction of RRM or RRM2/3 with Paip2A(25-83)

RRM N* K; (M) AH (kJ/mol) AG (kJ/mol) AS (kJ mol™* K™%)
RRM1 ND ND ND ND ND
RRM2 0.87 + 0.03 (4.0 £ 0.5) x 107° -1.2 x 10? -31 -0.31
RRM3 0.87 (1.3 £0.1) x 107° -1.8 x 10? —34 -0.50
RRM4 ND ND ND ND ND
RRM2/3 0.83 (1.9 £ 0.6) x 107° -2.3 x 10% -50 ~0.61

Abbreviation: ND, not detected.
Paip2A(25-83): The peptide with residues 25 to 83 of PABP-interacting protein 2A.

For N, K, and AH, if the value of error is less than significant, the error is not stated.

“ N is the molar ratio of RRM to Paip2A(25-83).

perturbed residues on the RRM2 and RRM3 structures, ob-
tained from the crystal structure of the RRM1/2-poly(A)
complex (Protein Data Bank code: 1CV] (16)), and modeled
them using the structure of the highly homologous RRM2. The
results suggested that the perturbed residues were localized at
and around the poly(A)-binding interface (Fig. 7, E and F).

Furthermore, we performed "°N relaxation experiments to
investigate the role of the linker between the two RRMs. The
spin—lattice relaxation time (77), spin—spin relaxation time
(T5), and rotational correlation time (t.) values are summa-
rized in Tables S1 and S2, Figs. S13 and S14, for RRM2/3 in the
absence or the presence of Aj,. In the absence of A5, the 1,
values for RRM2 and RRM3 were 10.8 and 10.2 ns, respec-
tively, which correspond to the typical 1. values of 8 to 10 ns
often observed for independently tumbling RRM or a single
RRM, and were substantially lower than the 1. values typically
obtained for tandem interacting RRMs (15-17 ns) (20, 21),
indicating that RRM2 and RRM3 in RRM2/3 tumble inde-
pendently. Consistently, spectral overlay of RRM2 (residues
100-190) and RRM3 (residues 191-289) reproduced the
spectrum of RRM2/3 (residues 100-289) well overall (Fig. S15
and Supporting Information). The mean value of t. for the
linker region, 8.6 ns, was smaller than those of the RRM2 and
RRM3 regions, suggesting that the linker region is highly
mobile and flexible.

In the presence of Aj,, the mean t. values for RRM2 and
RRM3 in the RRM2/3-A;, complex were 15.3 and 16.3 ns,
respectively, corresponding to the typical t. values of 15 to
17 ns typically observed for tandem interacting RRMs
(15-17 ns) (20, 21). The mean T, of the linker region is 14.3 ns,
which corresponds to those for RRM2 and RRM3 within the
error range. Thus, the mobility of the linker decreased upon
Aj, binding.

Paip2A binds to the poly(A)-binding interface of RRM2 and
RRM3

We observed several 'H-'"N HSQC spectra from uniformly
1>N-labeled RRM2/3 after sequential addition of unlabeled
Paip2A(25-83), which exhibited large spectral changes
(Figs. 84 and S16), where most signals shifted in a slow ex-
change regime (Fig. 8B). Although we attempted to assign the
Paip2A(25-83)-bound RRM2/3 resonances using triple reso-
nance experiments, sequential assignments could not be
established because of severe line broadening. There were 79
unassigned "H—">N HSQC signals of RRM2/3 in complex with

SASBMB

Paip2A(25-83), 45 of which provided Ca signals and none of
which provided Cp signals.

Although RRM2/3 resonances in the Paip2A(25-83)-bound
state could not be assigned, the signals that shifted in a slow
exchange regime were treated as having significant CSPs. These
changes are summarized in Figure 8B. The significantly per-
turbed residues in RRM2 were 1101-K108, F119, L126-E134,
K138, Y140-E146, F169-F173, E178, R179, and R186-F190
and those in RRM3 are T191-Y194, K196-F198, L218-E226,
F233-H241, Y262-G264, A266, and K269-E281 (Fig. 8C).

These affected residues were mapped onto the crystal
structure of RRM2 and a homology model of RRM3 (Fig. 8, D
and E). The results clearly indicated that these residues were
localized on the p-sheet surface, on the opposite side of the
two a-helices (Fig. 8, D and E), which largely overlapped with
the poly(A)-binding surface (Fig. S17). Particularly, the resi-
dues whose labels are surrounded by squares (F102, K104,
N105, S127, and F142) directly interact with poly(A) (Fig. 8D).
These results suggest that Paip2A can compete against poly(A)
on identical surfaces of RRM2 and RRM3 of PABPC1.

Finally, we conducted Paip2A(25-83) titrations with uni-
formly 'H, '"N-labeled RRM2/3 in complex with A;, by
monitoring the 'H-""N HSQC spectra of RRM2/3. Figure 9
clearly shows that the HSQC spectrum of RRM2/3 in the
Aj,-bound state (Fig. 94, black) changed completely compared
with that of the Paip2A(25-83)-bound state (Fig. 9B, blue, red)
when equimolar Paip2A(25-83) was added. This indicates that
Paip2A(25-83) competitively binds to RRM2/3 and dissociates
A, from RRM2/3, although the binding affinities of
Paip2A(25-83) and A;, for RRM2/3 were comparable (K, =
1.3-1.9 nM, Tables 1 and 2).

Discussion

Among the several identified PABPCl-interacting factors, a
translational repression factor, Paip2, has attracted attention
because it represses the proliferation of cells and viruses (9, 12,
13) through its ability to dissociate PABPC1 from poly(A).
However, how Paip2 efficiently dissociates PABPC1 from
poly(A) remains unclear, as the K, values are comparable
between the Paip2A(FL)-PABPC1 and poly(A)-PABPC1
interactions.

This investigation, in agreement with previous findings (17),
indicates that Paip2A primarily interacts with the RRM2—
RRM3 region of PABPCI1. The minimal interacting region
of Paip2A is residues 26 to 83, which was confirmed by
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spectral overlay of RRM2/3 in complex with Paip2A(FL) and
Paip2A(25-83) (Fig. S18).

However, the contribution of each RRM region of human
PABPCI to poly(A) binding has not been well characterized. A
previous study of Xenopus laevis PABPCI reported that RRM4
had the highest poly(A)-binding affinity, followed by RRM2
and RRM3, whereas RRM1 had almost no binding affinity (22).
Our quantitative ITC analyses of RRMs from human PABPC1
revealed that RRM3 and RRM2 had the highest and second
highest binding affinities for A; (K; = 4.7 and 200 uM,
respectively), whereas no binding was detected for RRM1 and
RRM4 at concentrations of 98 and 260 pM, respectively.
Although the amino acid sequence of each RRM is very similar
(Fig. S19), there were significant differences in their affinity for
poly(A). Notably, RRM1 was observed in the poly(A)-bound
state in the crystal structure of RRM1/2 of human PABPC1
(16). The poly(A) binding of RRM1 in the crystal structure is
likely related to the support by the linker that tethers to
poly(A)-bound RRM2, although the poly(A)-binding affinity of
RRM1 was much lower than that of RRM2.

The binding affinity of RRM2/3 for A;,, which is a deletion
mutant of PABPCI corresponding to the region from RRM2 to
RRM3, showed a binding affinity for A, (K; = 1.3 nM) that
was comparable to the K, of the PABPC1-A,, interaction
(0.69 nM) in our previous report (15). These results clearly
indicate that the RRM2-RRM3 region of PABPC1 plays the
most important role in binding not only to Paip2A but also to
poly(A).

NMR relaxation experiments revealed that the two RRM
regions in RRM2/3 tumble independently, with the flexible
linker in the absence of Aj, (Table S1), whereas the tumbling
motion of the RRMs and linker is suppressed by A;, binding.
As the linker region exhibited CSPs upon binding to A;,, the
linker is likely involved in the interactions with A;,. However,
as the linker region (residues 173—190) is in the isolated RRM2
protein (residues 100-190), the 1000-fold higher affinity of
RRM2/3 compared with that of isolated RRM was not related
to the linker interactions but rather to “the tethering effect,”
that is, an increase in the local concentration of one RRM
around poly(A) upon binding of another RRM to poly(A), as
previously reported (16).

The two RRM regions appear to contribute to the poly(A)
binding independently, as the K, values satisfy the following
relationship:

K4(RRM2 /3 — App) =Ky (RRM2 — A7)xK,;(RRM3 — A7)
The tethering effect by the linker and repeating feature of

poly(A) likely led to the extremely high affinity of RRM2/3 as
compared with that of isolated RRM.

The result of NMR titration experiment for RRM2/3-A1,
suggested that RRM2/3 binds to poly(A) on the surface of the
B-sheets of RRM2 and RRM3. This binding mode is consistent
with the poly(A)-binding region of RRM1/2 of PABPCI1 (16). It
has also been reported that many other nucleic acid—binding
proteins such as TAR DNA-binding protein 43 (23) and
Musashi-1 (24, 25) bind to RNA on these surfaces of -sheets
of RRMs. The poly(A) binding of RRM2/3 in our study was
also a typical RNA-binding mode of nucleic acid—binding
proteins.

In contrast, Paip2A also interacts with the RRM2-RRM3
region of PABPCI1, wherein the Paip2A-binding sites on the
RRMs overlap with the poly(A)-binding site (Figs. 7, E and F, 8,
D and E), strongly suggesting that Paip2A competitively dis-
sociates poly(A) from PABPCI1. However, the roles of RRM2
and RRM3 in Paip2A binding differ from those in poly(A)
binding. Although Paip2A(25-83) had almost the same bind-
ing affinities for RRM2 and RRM3 with K; values of 4.0 and
1.3 puM, respectively, the K; of 1.9 nM for the Paip2A(25-83)—
RRM2/3 interaction was 1000-fold larger than the product of
the K, values for the Paip2A(25-83)-RRM2 interaction and
Paip2A(25—-83)—-RRM3 interaction. These results indicate that
the interactions between isolated RRM domains and Paip2A
were not reproduced in the interactions between RRM2/3 and
Paip2A, which was also reflected in the NMR observations
(Fig. S7). As mentioned previously, poly(A) and Paip2A bind to
the same interfaces of the RRM2-RRM3 region of PABPC1
with comparable apparent K, values. However, our NMR data
clearly indicate that Paip2A(25-83) dissociates RRM2/3 from
A1, forming the Paip2A(25-83)-RRM2/3 complex (Fig. 9).

To determine how Paip2A facilitated efficient dissociation of
PABPC1 from poly(A), we focused on the 40-fold lower binding
affinity of RRM2 for poly(A) compared with RRM3. The NMR
titration experiments between uniformly **N-labeled RRM2/3
and A, indicated that the RRM3 region preferentially bound to
poly(A) in the presence of RRM2/3 in excess of A, (Fig. 7, Band
C,S9A). Thus, even if the RRM2 region of RRM2/3 (K,; = 200 uM
for RRM2-A) is tethered to poly(A) via the poly(A)-bound
RRM3 region (K, = 4.7 uM for RRM3-A), which presumably
enhances the RRM2-poly(A) interaction, the RRM3 region of
other RRM2/3 molecules inhibits the RRM2-poly(A) interac-
tion. This strongly suggests that the interaction of the RRM2
region of PABPC1 with poly(A) can be inhibited by Paip2A
because Paip2A possesses an RRM2-binding affinity (K; = 4 uM
for RRM2-Paip2A(25-83)), which is comparable to the affinity
of the RRM3—-poly(A) interaction.

Based on these ITC and NMR data, we propose the
following mechanism by which Paip2A dissociates PABPC1
from poly(A): in the poly(A)-bound PABPC1, the RRM2-
RRM3 region mainly contributes to poly(A) association

3 addition. Overlays of the "H-">N HSQC spectra of '°N-labeled Paip2A(25-83) in the absence (black) or the presence (red) of (C) RRM2 and (D) RRM3. The
perturbed and not perturbed signals are indicated in green and blue, respectively. E, chemical shift changes are plotted versus the residue numbers for
Paip2A(25-83) after adding RRM2 (upper) or RRM3 (lower). Signals from residues 44 to 70 and 74 to 79 were perturbed after adding RRM2 and those from
residues 27 to 70 were perturbed after adding RRM3. Residues 44 to 70 were perturbed after adding either RRM2 or RRM3. Chemical shift changes were

calculated using the following equation: § =

1/A1H2+(A15N/6.5)2, where A} and A;sy are the chemical shift changes in the 'H and >N dimensions,

respectively. HSQC, heteronuclear single quantum coherence; Paip2A, PABP-interacting protein 2A; RRM, RNA recognition motif; TROSY, transverse

relaxation optimized spectroscopy.
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the absence (black) or the presence (red) of 1.0 equivalents of A;,. B, chemical shift changes of signals derived from RRM2 and RRM3 from 0 to 1.25
equivalents of A, titrations. The G141 and R240 are residues in RRM2 and RRM3, respectively. C, schematic drawing of the interactions between RRM2/3
and A;,. In the presence of excessive RRM2/3 compared with A;,, the RRM3 of RRM2/3 binds to A, leaving RRM2 unbound (center). In the presence of
equimolar A;,, both RRM2 and RRM3 in one molecule of RRM2/3 simultaneously bind to A, (right). D, plot showing the chemical shift changes after adding
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(Fig. 10A). As the affinity of the RRM2 region for poly(A) (K, =
200 uM) was 50-fold weaker than that for Paip2A(25-83)
(Ky = 4.0 uM), the RRM2 region transfers from poly(A) to
Paip2A when Paip2A approaches, where the RRM3-binding
residues of Paip2A are only partly available for RRM3 bind-
ing (Fig. 10B). Once Paip2A binds to the RRM2 region of
poly(A)-bound PABPCI1, which binds to poly(A) mostly
through the RRM3 region, Paip2A removes RRM3 from
poly(A) because of the 3.6-fold higher affinity of RRM3 for
Paip2A(25-83) (K; = 1.3 uM), as compared with that for
poly(A) (K, = 4.7 uM), as well as the effect of tethering to the
RRM2 region (Fig. 10B), resulting in dissociation of PABPC1
from poly(A).

Here, we proposed a mechanism for how Paip2 competitively
dissociates PABPCI from poly(A), although Paip2A and poly(A)
possess comparable affinities for PABPC1. A similar molecular
mechanism was previously reported for the competition be-
tween hypoxia-inducible factor la (HIF-1a) and CBP/p300
interacting transactivator with ED-rich tail 2 (CITED2) for the
TAZ1 domain of CBP, where TAZ1-bound HIF-1a was effec-
tively replaced by CITED2 (26, 27). Despite the comparable af-
finities of HIF-1a and CITED2 for TAZ1 (K; = 10 nM), the NMR
spectrum of '°N-labeled TAZ1 with the equivalent molar
amount of HIF-1a and CITED?2 is consistent with that of binary
complex of 15N-labeled TAZ1-CITED2, indicating that TAZ1
binds preferentially to CITED2 compared with HIF-1a. They
found that as (as-helix) of HIF-1a showed high motility even
when HIF-1a formed a complex with TAZ1, and as of CITED2
showed less motility when CITED2 formed a complex with
TAZ1, suggesting that as of CITED2 has a higher binding af-
finity for TAZ1 compared with HIF-1a and replaces HIF-1a
bound to TAZ1. Furthermore, the LPQL region of HIF-la
bound to TAZ1 is replaced by the LPEL region of CITED2,
followed by ap and o of HIF-1a being replaced by CITED2.

We considered that the dissociation of PABPC1 from
poly(A) by Paip2A is achieved via a two-step mechanism in
which Paip2A initially binds to RRM2, which showed 50-fold
lower binding affinity for poly(A) than for Paip2A, to form a
transient ternary complex; next, Paip2A displaces poly(A)
from RRM3 by binding to RRM3. Our results extend the
efficient replacement despite the comparable affinities through
the protein versus protein competition to that through the
protein versus nucleic acid competition.

We found that the binding of RRM to poly(A) was
competitively inhibited by Paip2A; accordingly, the interaction
between Paip2A and RRM2 may be the starting point for
dissociation of PABPC1 from poly(A). However, it remains
unclear why the binding affinities of RRM2 and RRM3 were
40-fold different despite their high level of homology and
ability to recognize Paip2A. Three-dimensional structural

analysis at the atomic level of the RRM2/3—poly(A) complex
and RRM2-Paip2A and RRM3-Paip2A complexes may
further contribute to the understanding of the molecular
recognition of PABPC1 and aid in the development of anti-
cancer and/or antiviral drugs.

Experimental procedures
Protein expression and purification

The DNA sequences encoding FL human PABPC1 (residues
1-636) and the mutants RRM1/2/3/4 (residues 1-370), RRM1
(residues 1-99), and RRM4 (residues 290-371) were cloned into
the pET-42b(+) vector (Novagen). Mutants of human PABPC1
(RRM2/3 [residues 100-289], RRM2 [residues 100-190], and
RRM3 [residues 191-289] were cloned into the pGEX-6p-1
vector (Cytiva). The DNA sequences encoding FL human
Paip2A (residues 1-127) and the mutant Paip2A(25-83) were
also cloned into a pGEX-6p-1 vector (Cytiva). The glutathione-S-
transferase-fusion proteins were expressed in Escherichia coli
cells and purified using a Glutathione-Sepharose 4B column
(Cytiva), followed by digestion with factor Xa (Novagen) or
PreScission Protease (Cytiva). The cleaved glutathione-S-trans-
ferase and noncleaved fusion proteins were removed using a
Glutathione-Sepharose 4B column. The degradation products
were removed using a cation exchange column (HiTrap SP HP
for PABPC1 and RRM1/2/3/4 or MONO S for RRM2/3 RRM1,
RRM2, RRM3, and RRM4; Cytiva) or an anion exchange column
(RESOURCE Q for Paip2A and Paip2A(25-83); Cytiva), followed
by gel filtration using HiL.oad 16/600 Superdex 75 pg (Cytiva) for
PABPC1, RRM1/2/3/4, Paip2A, and Paip2A(25-83). The mo-
lecular weight of Paip2A was confirmed via MALDI-TOF mass
spectrometry using an AXIMA-CFR Plus mass spectrometer
(Shimadzu). Uniformly >N or 1*C, *N-labeled proteins for NMR
experiments were expressed by growing E. coli host cells in M9
minimal medium containing 15NH,Cl or **’NH,CI and *C,-
glucose. *H, ""N-labeled proteins were expressed by growing
E. coli host cells in M9 minimal medium in *H,O containing
15NH4CI. 2H, 3C, ®N-labeled proteins were expressed by
growing E. coli host cells in M9 minimal medium in *H,O con-
taining "NH,Cl and '*C¢-glucose. These isotopically labeled
proteins were purified using a similar procedure as used for un-
labeled proteins.

SPR analysis

All experiments were conducted at 298 K using a BiacoreX
100 (Cytiva). The running buffer contained 10 mM Na,HPO,,
1.8 mM KH,POy, 137 mM NaCl, 2.7 mM KCI, 5 mM MgSO,,
1 mM DTT, and 5% (v/v) glycerol at pH 7.4. The 5'-biotinylated
A,, was immobilized at a flow rate of 30 ul/min on a
streptavidin-coated sensor chip. The purified FL. PABPCI,

the triple resonance signals were not observed. These residues are indicated as “Perturbed (P)” in D. Chemical shift changes were calculated using the

following equation: 6 =

\/ B+ (D1sn/6.5), where Aqy and A, sy are the chemical shift changes in the 'H and >N dimensions, respectively. The symbols

a and B in the graph indicate an a-helix and a -strand, respectively, as observed in the crystal structure of the RRM1/2-poly(A) complex (Protein Data Bank
code: 1CVJ (16)). The red lines at the 0.2 ppm represent the thresholds of residues mapped in Figure 7, E and F. E, RRM2 residues showing large chemical
shift changes (>0.2 ppm) and labeled as “Perturbed” were mapped in green onto the crystal structure of RRM2 (Protein Data Bank code: 1CVJ (16)). The
upper and lower parts are the ribbon model and surface drawing, respectively. F, RRM3 residues showing large chemical shift changes (>0.2 ppm) and labeled
as “Perturbed” were mapped in green onto the homology model of RRM3. HSQC, heteronuclear single quantum coherence; RRM, RNA recognition motif.
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Figure 8. Chemical shift changes in uniformly '°N-labeled RRM2/3 after adding Paip2A(25-83). A, overlay of 'H-"°N HSQC spectra of '°N-labeled
RRM2/3 in the absence (black) and the presence (red) of 1.25 equivalents of Paip2A(25-83). B, change in A150 signal of RRM2/3 upon titration of
Paip2A(25-83). C, the upper bar graph shows the chemical shift changes in signals derived from RRM2, and the lower bar graph shows those from RRM3.

Dl
R.C Dex

Chemical shift changes were calculated using the following equation: 6 = A1H2+(A15N/6.5)2, where A and A5y are the chemical shift changes in the

'H and >N dimensions, respectively. The residues of the upper and lower graphs are arranged based on alignment between RRM2 and RRM3, and a
secondary structure of these domains is shown in the graph. Signals with green labels were perturbed after adding Paip2A(25-83), and their corresponding
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Figure 9. "H-"°N HSQC spectra of the RRM2/3 in the presence of equimolar A,, and Paip2A(25-83). A, overlay of the '"H-">N HSQC spectra of
">N-labeled RRM2/3 in the presence of 1.25 equivalents of A, (black) and 1.25 equivalents of both A;, and Paip2A(25-83) (red). B, overlay of the TH-">N
HSQC spectra of "°N-labeled RRM2/3 in the presence of 1.25 equivalents of Paip2A(25-83) (blue) and presence of 1.25 equivalents of both A;, and
Paip2A(25-83) (red). HSQC, heteronuclear single quantum coherence; Paip2A, PABP-interacting protein 2A; RRM, RNA recognition motif.

RRM1/2/3/4, and Paip2A(FL) were dialyzed against the running  TROSY spectrum, and **N-labeled Paip2A(25-83) with unla-

buffer. Next, 128 nM PABPC1 or RRM1/2/3/4 was injected at a
flow rate of 5 ul/min for 180 s, and the running buffer flowed
over the sensor chip at the same flow rate for 300 s, followed by
injection of 1, 10, 100, or 1000 nM Paip2A at the same flow rate
for 180 s. The surface was regenerated using 0.05% SDS solution.
All samples flowed over the nonimmobilized surface of the flow
cells, and the responses were used as a reference.

beled RRM2 and RRM3 were monitored using the "H-'°N
HSQC spectrum. Analysis of the CSPs of 2H, 13¢C, °N-labeled
Paip2A(25-83) with unlabeled RRM2/3 was monitored using a
"H-'"N TROSY spectrum. All aforementioned experiments
were performed at 298 K in buffer containing 18 mM
KaH,PO, (pH 6.0), 90 mM NaCl, and 10% *H,O. The titra-
tions of '°N-labeled RRM2/3 with unlabeled Paip2A(25-83)

and unlabeled A;, were monitored via the 'H-'°N HSQC
spectrum at 303 K in buffer containing 18 mM NaH,PO, (pH
6.5), 135 mM NaCl, and 10% *H,O.

Chemical shift changes were calculated using the following
equation:

NMR analysis

Data were collected on Bruker Avance 500, 600, or 800 spec-
trometer (Billerica) using triple-resonance experiments or cryo-
genic probes. All spectra were processed using Bruker TopSpin
4.0.8 software, and data were analyzed using Sparky (T.D. God-
dard and D.G. Kneller, Sparky 3, University of California).

Titrations of *H, '°N-labeled Paip2A(FL) with unlabeled
RRM1/2/3/4, *H, '°N-labeled Paip2A(25-83) with unlabeled
RRM1/2/3/4, and RRM2/3 were monitored using a 'H-'°N

o= \/A1H2+(A15N/6.5)2 (1)

where Ay and A;sy are the chemical shift changes in the H
and "N dimensions, respectively.

signals in the Paip2A(25-83)-bound state could not be assigned because of broadening of the triple resonance signals. These residues are indicated as
“Perturbed (P)” in C. The symbols a and {3 in the graph indicate an a-helix and a 3-strand, respectively, as observed in the crystal structure of the RRM1/2-
poly(A) complex (Protein Data Bank code: 1CVJ (16)). D, RRM2 residues showing large chemical shift changes labeled as “Perturbed” and 1101 (>0.5 ppm) are
mapped in green on the crystal structure of RRM2 (Protein Data Bank code: 1CVJ (16)). The upper and lower parts are the ribbon model and surface drawing,
respectively. The square labels indicate that the residues interact with poly(A) directly in the crystal structure. E, RRM3 residues showing large chemical shift
changes labeled as “Perturbed” were mapped in green onto the homology model of RRM3. The squares indicate the residues that are homologous to the
residues of RRM2 that interact with poly(A) directly in the crystal structure. HSQC, heteronuclear single quantum coherence; Paip2A, PABP-interacting
protein 2A; RRM, RNA recognition motif.
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Figure 10. Schematic representation of the dissociation of PABPC1 from poly(A) by Paip2A. A, in the poly(A)-bound PABPC1, the RRM2-RRM3 region
mainly contributes to the poly(A) association. B, as the affinity of the RRM2 region for poly(A) (K4 = 200 uM, Table 1) is 50-fold weaker than that for Paip2A
(Kg = 4.0 uM, Table 2), the RRM2 region transfers from poly(A) to RRM2-binding region of Paip2A (blue) when Paip2A approaches sites where the RRM3-
binding region of Paip2A (yellow) are partly available for RRM3 binding. Next, Paip2A removes RRM3 from poly(A) because of the threefold higher affinity of
RRM3 for Paip2A (Ky = 1.3 uM, Table 2) compared with that for poly(A) (K; = 4.7 uM, Table 1). PABPC1, poly(A)-binding protein C1; Paip2A, PABP-interacting

protein 2A; RRM, RNA recognition motif.

Sequential assignments of the backbone NMR resonances
for Paip2A(FL) were achieved using HNCACB, CBCA(CO)
NH, HN(CA)CO, HNCO, HNCA, and HN(CO)CA experi-
ments, whereas those for Paip2A(25-83) were achieved using
'"N-edited TOCSY-HSQC and '°N-edited NOESY-HSQC
experiments. Sequential assignments of the backbone NMR
resonances for Paip2A(25-83) bound to RRM2/3 were ach-
ieved using TROSY-type HNCA and HN(CO)CA experiments
and the 2D version (**C—'H plane) of HN(CA)CB and
HN(COCA)CB experiments to obtain 13CB information. All
aforementioned experiments were performed at 298 K in
buffer containing 18 mM KaH,PO, (pH 6.0), 90 mM NaCl,
and 10% 2H,O. The backbone NMR resonances of RRM2 and
RRM3 were sequentially assigned using HNCACB, CBCA(CO)
NH, CC(CO)NH, "’N-edited NOESY-HSQC, and '°N-edited
NOESY-HSQC. The backbone NMR resonances of RRM2/3
and those in complex with A;, were sequentially assigned
using HNCACB, CBCA(CO)NH, HNCA, and HN(CO)CA.
We attempted to determine whether the backbones of the
NMR resonances of RRM2/3 were in complexes with
Paip2A(25-83), by analyzing the HNCA and HN(CO)CA
spectra, and line broadening of several signals was found to
preclude the sequential assignments. All aforementioned ex-
periments were performed at 303 K in buffer containing
18 mM NaH,PO, (pH 6.5), 135 mM NaCl, and 10% 2H.,O.

"N relaxation experiments

The rotational correlation time (t.) of RRM2/3 in the
absence of Aj, and presence of Aj, was calculated using
following equation (28):

1 6T, ;
T, = Xy ——
¢ 20N T,

where 1. [ns] is rotational correlation time, wy [1/s] is the
Larmor frequency of >N, T, [ms] is the N spin-lattice
relaxation time, and T, [ms] is the ®N spin—spin relaxation
time. In addition, wy was calculated using the following
equation:

N =Yy - Bo

where yx (= -27.126188 x 10° [s™2 T7Y)) is the gyromagnetic
ratio of >N and B, (= 14.09 T) is external magnetic field in the
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case of using a machine with a resonance frequency of 'H of
600 MHz. As yy is a negative value, wy is also a negative value.
Thus, in the calculation of t., we used the absolute value
of wy.

The experiments were performed at 303 K in buffer con-
taining 18 mM NaH,PO, (pH 6.5), 135 mM NaCl, and 10%
2H,0. The spectra were processed using Bruker TopSpin 4.0.8
software, and data were analyzed using Sparky.

ITC

Binding of Paip2A(25-83) or poly(A) to each RRM was
measured using ITC (29) and MicroCal PEAQ-ITC (Malvern
Instruments). All samples were prepared in buffer containing
10 mM Na,HPO, (pH 7.4), 1.8 mM KH,PO,, 137 mM NaCl,
and 2.7 mM KCl. The experiments were performed at 25 °C.
RRM1 (9.2 pM), RRM2 (211 M), RRM3 (50 pM), RRM4
(26 puM), and RRM2/3 (50 uM) were titrated with poly(A)
(A7) (98 uM, 2.3 mM, 570 puM, 260 pM, and 459 pM),
respectively. Poly(A) (Aip) (349, 27, and 0.99 puM) was
titrated with RRM2 (8.1 mM), RRM3 (525 puM), and RRM2/3
(10.3 uM). Paip2A(25-83) (5, 20, 20, 5, and 0.95 pM) was
titrated with RRM1 (50 pM), RRM2 (211 pM), RRM3
(200 uM), RRM4 (50 uM), and RRM2/3 (9.7 uM), respec-
tively. The heats of the injectant dilution were determined by
titration of the injectant into the buffer, followed by sub-
traction from the row titration data before analysis using
MicroCal PEAQ-ITC Analysis Software (Malvern). A “One
Set of Sites” model was applied for curve fitting. Thermo-
dynamic parameters with error values were calculated from
the fitted data.

Quantitation of poly(A)

The molar concentrations of poly(A) were evaluated by
measuring the UV absorption at 260 nm based on Lambert—
Beer’s law:

C(.Ay’) :Ab5250/£y,l (2)

where c(A,) is the molar concentration of A, (poly(A) con-
sisting of n bases), Absygo is the absorption of UV at a
wavelength of 260 nm, ¢, is the molar extinction coefficient
value, and [ is the optical path length of 1 cm. ¢, was
calculated using the nearest neighbor method, ¢; was 87,100
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(I/mol cm), &1 was 146,900 (I/mol cm), and &54 was 290,420
(I/mol cm).

Construction of comparative model for RRM3

A homology model for RRM3 was constructed using
MODELLER (University of California, San Francisco, Accel-
rys) (30). The amino acid sequence of PABPC1 (95-179)
corresponding to the RRM2 sequence was adopted as a tem-
plate sequence, whereas the amino acid sequence of PABPC1
(187-272) corresponding to the RRM3 sequence was adopted
as the target. The crystal structure of RRM1/2-poly(A) (Pro-
tein Data Bank code: 1CV] (16)) was adopted as the atomic
coordinates for the template.

Data availability

The 'H, *3C, and ®N chemical shift assignments for Paip2A,
Paip2A(25-83), RRM2, RRM3, RRM2/3, RRM2/3-A15, RRM2/
3-Paip2A(25-83) have been deposited in the Biological Mag-
netic Resonance Bank (ID: 26314 for Paip2A, 26315 for
Paip2A(25-83), 26323 for Paip2A(25-83) when in complex
with RRM2/3, 26316 for RRM2, 26317 for RRM3, 26318 for
RRM2/3, 26319 for RRM2/3 when in complex with A;,, and
26320 for RRM2/3 when in complex with Paip2A(25-83),
respectively).

Supporting article  contains

information.
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