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Abstract: Poly(A)-binding protein (PABP) is an essential
element of cellular translational machinery. Recent studies
have revealed that poly(A) tail modifications can modulate
mRNA stability and translational potential, and that oligoade-
nylate-derived PABP ligands can act as effective translational
inhibitors with potential applications in pain management.
Although extensive research has focused on protein-RNA and
protein-protein interactions involving PABPs, further studies
are required to examine the ligand specificity of PABP. In this
study, we developed a microscale thermophoresis-based
assay to probe the interactions between PABP and oligoade-
nylate analogs containing different chemical modifications.

Using this method, we evaluated oligoadenylate analogs
modified with nucleobase, ribose, and phosphate moieties to
identify modification hotspots. In addition, we determined
the susceptibility of the modified oligos to CNOT7 to identify
those with the potential for increased cellular stability.
Consequently, we selected two enzymatically stable oligoade-
nylate analogs that inhibit translation in rabbit reticulocyte
lysates with a higher potency than a previously reported
PABP ligand. We believe that the results presented in this
study and the implemented methodology can be capitalized
upon in the future development of RNA-based biological
tools.

Introduction

Most eukaryotic mRNAs are modified during maturation by the
addition of 5’ and 3’ regulatory elements known as the 7-
methylguanosine (m7G) cap and poly(A) tail, respectively. These
elements protect mRNA from premature degradation[1,2] and
play important roles in nucleocytoplasmic transport and trans-
lation through various RNA-protein and protein-protein
interactions.[3] The poly(A) tail at the 3’ end of mRNA is directly
recognized by poly(A)-binding proteins (PABPs)[4] to form an
elongated multimeric structure.[5] PABP also interacts with the
scaffold protein, eIF4G, which is a key component of the m7G-
cap-binding multiprotein complex, eIF4F. It is thought that
these interactions bring mRNA ends together to form a “closed-
loop”,[6,7] which facilitates translation initiation[8] and stabilizes
mRNA. However, increasing evidence has suggested that this

simple model may not reflect the full complexity and dynamics
of the mRNA-protein interaction network.[9]

The general structure of eukaryotic cytoplasmic PABPs is
highly conserved[10] and consists of four RNA recognition motif
(RRM) domains and a C-terminal PABC domain.[11,12] Monomeric
PABP binds to a 24–27 nt fragment of the poly(A) tail; therefore,
the total number of PABPs in multimeric complexes depends
on poly(A) tail length.[5,13] Previous studies have reported that
the complete structure of PABP (RRM 1-4-PABC) is not necessary
for its biological functions, including eIF4G recognition[14,15]

which can be carried out by two N-terminal domains, RRM1 and
RRM2.[15] In recombinant PABP, these domains align to create a
narrow RNA binding crevice that can accommodate 11-or 12-nt
oligoadenylate chains.[11]

The poly(A) tail is one of the primary regulators of mRNA
fate. Deadenylation is the enzyme-catalyzed shortening of the
poly(A) tail, and is the first step in both major mRNA decay
pathways (5’-3’ and 3’-5’).[16] The binding of PABP to the poly(A)
tail promotes translation initiation and protects the poly(A) tail
from degradation by deadenylases.[17,18] Recently, chemical and
genetically-encoded poly(A) modifications have been investi-
gated intensively for mRNA labeling and to increase the
translational efficiency of in vitro-transcribed mRNAs for ther-
apeutic use.[19–22] However, the impact of these modifications on
PABP binding has not yet been systematically studied.

PABP has recently been linked to ‘pain receptor’-mediated
rapid translational initiation.[23] In particular, translational inhib-
ition using a chemically modified poly(A) analog (SPOT-ON)
targeting PABP was shown to reduce behavioral responses to
pain in mice.[23] The poly(A) analog (SPOT-ON) contained multi-
ple nucleotide modifications to ensure sufficient stability and
biological activity. Oligoadenylate analogs (OAs) could therefore
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be added to the ever-growing range of RNA-based therapeutics,
which includes antisense RNAs, splice-correcting RNAs, siRNAs,
miRNAs, and mRNAs.[24,25] Cost- and time-effective methods to
determine the structure-activity relationship in PABP-poly(A)
interactions could significantly facilitate further studies on
poly(A)-modified therapeutic mRNAs and the development of
next-generation PABP-targeting translational inhibitors.
Although several methods, such as the electrophoretic mobility
shift assay (EMSA)[26] and the selection/amplification assay,[27]

have already been used to investigate the PABP-poly(A)
interaction, these methods are limited by relatively low
resolution, high sample consumption, and semiquantitative
results.

In this study, we developed a microscale thermophoresis
(MST)-based assay that enables the straightforward quantitative
evaluation of the binding affinity between various modified
oligonucleotide analogs and recombinant PABP. Using this
assay, we evaluated a synthetic library of 28 OAs containing
various modifications. We found that PABP binding affinity is
highly dependent on both the type of modification and its
position in the oligo, allowing us to identify hotspots that can
be modified without obstructing the interaction with PABP. We
also performed enzymatic experiments with recombinant dead-
enylase CNOT7 to establish how these modifications affect
susceptibility to enzymatic degradation. We subsequently
designed two OAs combining the identified beneficial features
and studied their potential as translational inhibitors in a rabbit
reticulocyte lysate (RRL) in vitro system. Notably, these com-
pounds had superior translational inhibitory activity in RRL
relative to SPOT-ON.

Results and Discussion

Development of a competition assay to evaluate PABP
ligands

To investigate the impact of RNA modifications on PABP
binding affinity, we developed a competition assay based on
MST, a biophysical method that enables observation of changes
in the thermophoretic mobility of a fluorescently labeled
molecule (e.g., small molecule, nucleic acid, protein) when it
forms a complex with another entity (e.g., ion, small molecule,
protein).[28] MST allows the precise determination of KD in the
nM-mM range with very low sample consumption.[29] Quantita-
tive methods such as EMSA[26] and the selection/amplification
assay[27] have approximated the KD of full-length PABP with 25
nucleotide poly(A) fragments as 7 nM and qualitative methods
have been used to study the affinities of PABP
recombinants.[30,31] However, few in-depth studies have exam-
ined the ligand specificity of PABP beyond its general affinity
for polyadenylated RNA. We concluded that an MST-based
method would suit our needs, as the potential determination of
nanomolar KD values was necessary, as well as precise detection
of minor affinity changes due to small structural differences of
the ligands, both of which MST is capable of.[32]

To avoid potential problems associated with PABP fluores-
cent labeling, we developed the assay in a competitive binding
mode (Figure 1A). First, we selected an appropriate PABP
construct and designed a fluorescently labeled oligoadenylate
probe. We chose a shortened version of human PABP (PABP1� 190

consisting of RRM1/2), which exhibits a high affinity for 11–
12 nt poly(A) fragments (Figure 1B).[11] As a PABP-binding probe,
we employed a 12-mer poly(A) analog labeled at the 5’ end
with fluorescein (5’-FAM-A12). An A12 oligo equipped with a
phosphohexynyl handle at the 5’ end (5’-HexA12) was obtained
by solid phase synthesis and labeled with 5’-FAM azide via a
CuAAC click reaction (Figure S1).

To determine the KD of PABP1� 190 for the probe, we
performed a direct binding assay with varying PABP1� 190 and
constant 5’-FAM-A12 concentrations (Figure 1C). Assuming a
simple 1 :1 binding model, a KD value of 12�2 nM was
determined for the complex, which is slightly higher than the
7 nM KD value for full-length PABP and A25.

[26] Next, we tested
whether the unmodified A12 ligand could displace the probe
from PABP1� 190. A close-to-saturating PAPB concentration was
mixed with 5’-FAM-A12 and varying concentrations of A12

(Figure 1D). The MST binding curve obtained by plotting the
relative MST mobility as a function of ligand concentration
enabled the determination of an apparent KD value (KD app) for
A12 of 780�130 nM, which was considered a benchmark for
future experiments. Using a previously reported global fitting
procedure,[33] we calculated an equilibrium KD value for the
PABP1� 190-A12 complex of 18�4 nM (Figure S2).

Evaluation of PABP binding with differently modified OAs

Next, we prepared a set of 12-mer OAs analogs with different
modification types and placements (Figure 2). The selected
modifications were interchain phosphorothioates (Aps or PS), 2’-
O-methyladenosine (Am) and 2’-O-fluoroadenosine (AF), N6-
methyladenosine (m6A), and guanosine for adenosine substitu-
tion (G). These specific modifications were selected based on
their potential ability to stabilize or modulate RNA properties,
or because they occur naturally in poly(A). PS linkages are
known to increase RNA stability and ribonuclease
resistance,[34,35] and mRNAs containing PS modifications have
been studied in prokaryotic and eukaryotic systems with
different outcomes depending on modification density and
sequence placement.[22,36] In eukaryotic cells, mRNAs containing
oligo(A) tails with up to 30% randomly distributed PS bonds
displayed decreased susceptibility to deadenylation without
affecting translation, whereas a higher proportion of PS
disturbed translational activity.[22] Moreover, extensive PS mod-
ifications can lead to cytotoxicity and should be introduced
strategically to avoid adverse effects.[37]

2’-O-methylation is commonly employed to ensure RNA
stability against nucleases.[38] Unfortunately, this type of mod-
ification can also negatively affect RNA recognition.[39] OH-to-F
substitution at the 2’-position confers similar properties to 2’-O-
methylation, providing RNAs with increased thermal stability
and half-life;[40] however, their effects on mRNA properties when
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Figure 1. Development of MST-based competition binding assay to assess the influence of oligoadenylate modification on PABP interactions. A) Assay
overview. B) Structure of PABP1� 190 (RRM1/2; blue) in complex with poly(A) chain (yellow); PDB entry 4F02 by Safaee et al.[14] eIF4G protein PABP-binding site is
marked in green. C) Binding of 5’-FAM� A12 by PABP. Top: MST traces from a typical direct binding experiment. Blue and red indicate cold and hot regions
used for further analysis (temp. jump mode). Bottom: binding curve fitted to the MST data using a 1 :1 binding model. D) Competition experiment; A12 ligand
replaces 5’-FAM-A12 probe in the binding pocket of PABP1� 190 binding pocket, resulting in a reversed curve.
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present in poly(A) tails has not yet been studied. m6A is the
most common natural internal mRNA modification and is found
in poly(A) tails[41,42] at an estimated rate of one per 700–800
nucleotides in HeLa cells.[43] Since m6A plays an important role
in pre-mRNA maturation and transport,[44] it is important to
consider its effect on mRNA binding processes. In some
organisms, poly(A) tails are subdivided by short inserts consist-
ing of other nucleotides with preference for G.[45] For example,
in Arabidopsis thaliana, guanosine residues are found in
approximately 10% of poly(A) tails and can constitute up to
28% of their structure.[46] By dividing poly(A) tails into pure-
adenosine fragments of varying lengths, guanosines interposed
into the tail structure can alter PABP binding affinity and thus
the translational efficiency of mRNAs.[46] These insertions can
also increase mRNA stability by hindering certain
deadenylases.[47] Here, we first introduced the selected modifi-
cations at precise positions near either end or in the middle of
the oligoadenylate chain (Figure 2B).

The complete results of the competition assay for all 28 OAs
are shown in Figure 3 and Table 1. The KD app varied significantly
depending on the modification and its position. Most modifica-
tions placed closer to the middle of the oligonucleotide chain
had an adverse effect on binding affinity (OAs: Am3, AF3, G3,
and m6A2; Figures 3 and S2) compared to unmodified A12,
whereas 3’ or 5’ terminal nucleotide modifications had little
effect. Significant differences were also observed based on the
type of modification. Although modifications in the middle part
of the chain significantly decreased binding affinity, the extent
of this effect varied greatly for different modifications (Fig-
ure S2). For example, AF2, Am2, G2, and m6A2 had KD app

approximately 4-, 7-, 10-, and 12-fold higher, respectively,
compared to unmodified A12, whereas the KD app of Aps7 and
Aps8 remained similar to that of A12. Only one type of
modification increased PABP binding affinity in some cases:
m6A modification at the 3’ and 5’ ends of the m6A1 and m6A3
OAs, respectively, slightly increased PABP affinity compared to
unmodified A12.

Based on these results, we designed analogs combining
multiple modifications to further examine the impact of

modification type and position on PABP affinity. The number of
modified nucleotides consistently increased the KD app for Aps9,
Aps10, Am4, and Am6 (Figure 3A, B). Moreover, OAs containing
PS modifications (Aps9 and Aps10) performed better than their
Am counterparts (Am4, Am5, and Am6/SPOT-ON). Interestingly,
there was little difference in binding affinity between the OA
fully modified with PS (Aps9) and the OA modified only at the

Figure 2. Overview of oligoadenylate modifications evaluated in this study and their placement within the A12 chain. A) Structures of five evaluated nucleotide
modifications. B) Modification placements and their combinations within the chain.

Table 1. Binding affinity values (KD app) between PABP and modified poly(A)
analogs

Entry Abbreviation Oligonucleotide KD app [μM] SD [μM]

1 A12 A12 0.73 0.13
2 Aps1 A9ApsA2 D1 1.59 0.18
3 Aps2 A9ApsA2 D2 0.52 0.10
4 Aps3 A10ApsA D1 1.28 0.16
5 Aps4 A10ApsA D2 0.66 0.12
6 Aps5 ApsA11 D1 0.58 0.70
7 Aps6 ApsA11D2 1.00 0.20
8 Aps7 A5ApsA6 D1 0.70 0.13
9 Aps8 A5ApsA6D2 0.80 0.30
10 Aps9 Aps11 A 1.50 0.20
11 Aps10 ApsA9ApsA 1.22 0.13
12 A11 A11 3.10 0.60
13 A13 A13 0.66 0.12
14 G1 A11G 2.70 0.60
15 G2 A5GA6 13.00 3.00
16 G3 GA11 0.90 0.20
17 Am1 A10AmA 1.00 0.20
18 Am2 A5AmA6 4.70 0.80
19 Am3 AmA11 1.10 0.30
20 Am4 Am11A 46.0 5.0
21 Am5 AmA11Am 0.83 0.18
22 Am6 AmpsAm9AmpsAm 31.0 3.0
23 Am7 A11Am 1.50 0.40
24 m6A1 A10m

6A 0.41 0.09
25 m6A2 A5m

6A6 9.2 1.3
26 m6A3 m6A-A11 0.48 0.06
27 AF1 A10AFA 0.73 0.15
28 AF2 A5AFA6 2.90 0.40
29 AF3 AFA11 1.43 0.20

KD app – apparent dissociation constant value, determined via MST
competition assay. SD – standard deviation of the KD,app values. Color-
coding: Aps – OAs with Aps modifications; A11 – OAs with G substitution
and different chain lengths; Am – OAs with Am modifications; m6A – OAs
with m6A modifications; AF – OAs with AF modifications
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ends (Aps10). Conversely, the corresponding OAs containing Am

modifications (Am5, Am4) performed differently, with Am5 (end
modification only) retaining similar affinity to A12, and fully
modified Am4 exhibiting a KD app that was two orders of
magnitude higher. SPOT-ON oligo containing multiple Am and
PS modifications (Am6) had one of the lowest binding affinities
for PABP among the tested oligos.

AF-modified OAs exhibited similar patterns of affinity to PS,
Am, and m6A OAs, as well as G-modified OAs (Figure 3E). In
particular, OAs modified at the ends showed either no change
(AF1) or a small increase in KD app (AF3) compared to A12, while
the one modified in the middle (AF2) displayed a more
prominent increase. However, these changes were less signifi-
cant than in OAs containing Am, m6A, or G modifications.
Consequently, AF modifications were deemed more acceptable
for PABP than the other modifications introduced in our study.
Overall, PS modification was the least disruptive regardless of
the position and number of modified subunits. Other modifica-
tions performed similarly to each other, with little or no effect
on binding affinity compared to A12 when introduced at either

end of the chain and with a significant increase in the KD app

when introduced in the middle or throughout the chain.

Determination of deadenylation susceptibility

To evaluate their susceptibility to enzymatic degradation, the
same 12-mer poly(A) analogs were subjected to deadenylation
assays using the CNOT7 catalytic subunit of the CCR4NOT
deadenylase complex,[48,49] which has 3’!5’ poly(A) exoribonu-
clease activity. The compounds were incubated with CNOT7 for
30 min total at 37 °C. During incubation, aliquots from the
reactions were taken at 5 min intervals, starting at 0 min. The
samples were separated by high-resolution polyacrylamide gel
electrophoresis (Figure S3) with a CNOT7-free sample as a
negative control. Based on band intensity, the remaining
fraction of the oligonucleotide substrate was calculated at each
time point to determine the degradation rate (Figure 4I). PS and
Am modifications provided full protection against CNOT7 dead-
enylase activity if located at the 3’ end (Figure 4A, B, H),
whereas some modifications in the middle of the chain resulted

Figure 3. Apparent binding affinity values (KD app) for complexes between PABP and modified poly(A) analogs determined by an MST competition assay. Data
sets represent different nucleotide modifications/substitutions. A) PS modification. B) Am modification. C) m6A modification. D) Guanosine for adenosine
substitution. E) 2’-F modification. F) Table of abbreviations. G) Compilation of all KD app values, from highest to lowest.
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in the accumulation of partial degradation products (Figure 4G,
H). Regardless of the type, 5’ end modification provided no
protection against degradation as it was the last subunit
degraded by CNOT7 (Figure 4H). Interestingly, AF modification
provided similar levels of resistance as Am and PS modifications;
however, since AF subunits were situated at least one position
away from the 3’ end due to synthetic reasons, CNOT7 partially
degraded these analogs until it encountered the modified
nucleotide (e.g., AF1, AF2, Figure 4C, G, H). Neither m6A
modification nor G substitution substantially reduced suscepti-
bility to degradation (Figure 4E, F) and both shorter and longer
unmodified poly(A) chains were degraded at a similar rate to
the unmodified A12 analog (Figure 4D).

Poly(A) analogs as translational inhibitors

Finally, we evaluated the OAs with high affinity for PABP1� 190

and low susceptibility to deadenylation as inhibitors of cap-
dependent translation in an RRL model. Both AmA10Am (Am5)
and ApsA9ApsA (Aps10) exhibited complete resistance to CNOT7
degradation and relatively low KD app values for PABP binding
(0.83 and 1.22 μM, respectively). The inhibitory activity of these
nucleotides was compared to that of a cap-derived translation
inhibitor (m7GpSppG)[50] and a previously reported poly(A)
analog, SPOT-ON (Am6; AmpsAm10AmpsA).[23] Both Am5 and Aps10
were potent translation inhibitors (Figure 5A) with IC50 values

Figure 4. Degradation of modified poly(A) analogs by CNOT7 deadenylase. Degradation products were separated using urea polyacrylamide gel
electrophoresis and the gel was visualized with SYBR Gold nucleic acid stain. Data points represent the normalized band intensity of the degradation
substrate. Degradation rate heavily depended on modification type and position: A) Phosphorothioate modification; B) Am modification; C) AF modification; D)
poly(A) analog length; E) Guanosine substitution; F) m6A nucleobase modification; G) increase in concentration of CNOT7-resistant degradation products of
primary substrates containing specific modifications in the middle of the oligonucleotide chain. H) Images of polyacrylamide gels after electrophoretic
separation of CNOT7-treated oligonucleotide analogs; I) initial degradation rates. No bar indicates no poly(A) analog degradation after 30 min incubation with
CNOT7 deadenylase.
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(12 and 25 μM, respectively) higher than that of m7GpSppG
(1 μM) but lower than the IC50 of SPOT-ON (108 μM).

The Am6 analog, SPOT-ON, was previously shown to be very
stable and bind to PABP with high affinity.[23] Since we found
that multiple oligonucleotide modifications had a negative
effect on binding affinity, we decided to measure the binding
affinity and inhibitory potential of SPOT-ON using the same
methodology as that used to study Am5 and Aps10 inhibitors. As
indicated previously (Figure 3B), SPOT-ON exhibited much lower
affinity for PABP (KD app 31 μM) than the unmodified OA A12 (KD

app 0.73 μM). Translation inhibition assays also supported these
initial findings, revealing that SPOT-ON had higher IC50 (108 μM)
for PABP than the other two inhibitors. Thus, reducing the
number of modifications and introducing them at strategic
positions resulted in much stronger PABP inhibition in the RRL
system. Further experiments confirmed the additive potency of
our PABP inhibitors (Am5 and Aps10) and a known eIF4E binder
– m7GpsppG (Figure 5B, C), suggesting that PABPs could be
targeted to inhibit translation alongside existing approaches.
The apparent correlation between PABP affinity and inhibition
coefficients in RRL strongly suggest that our inhibitors reduce

translation efficiency by specifically targeting PABP and not
through non-specific interactions with translation machinery.
Moreover, it is important to note that RRL system contains full-
length PABP, and thus, the qualitative agreement between MST
and in vitro experiments in RRL suggests that the results
obtained for PABP1� 190 are translatable to more complex
biological systems. However, it is also important to underline
several limitations of the RRL system, compared to cell culture
and in vivo studies, in which SPOT-ON has been previously
evaluated. RLL contains practically only translational machinery,
while it lacks degradation machinery and other cellular
mechanisms important for RNA activity, and has relatively weak
poly(A)-dependence.[51] Therefore, verification of our findings in
more complex biological models will be required in the future.

Conclusion

In summary, we have developed a highly effective methodology
for studying the interactions between shortened human PABP
variant (PABP1� 190

, RRM1/2) and its oligoadenylate ligands. Our
MST-based assay allowed us to determine the binding affinities
between PABP1� 190 and OAs while registering changes caused
by minute structural differences within the ligands. We also
prepared a small library of Oas with different nucleotide
modifications and substitutions which allowed us to identify 5’
and 3’ ends as modification hotspots, i. e., sites that can be
modified without disrupting the binding affinity for PABP.
Moreover, we observed significant differences based on the
type of modification introduced into the Oas: primarily, PS and
AF modifications were the least disruptive and most acceptable
for PABP1� 190 binding. For other modification types, the position
of the modified subunit within the oligoadenylate chain was
the most crucial factor. Generally, Oas modified at 3’, 5’, or both
ends retained a similar binding affinity to unmodified A12.
Together, these findings improve our understanding of the
structure-activity relationship of PABP-poly(A) interactions and
ligand specificity of PABP and contribute toward the design of
future high-affinity inhibitors. To the best of our knowledge this
is the first study looking at quantitative differences in PABP
binding affinities evoked by chemical modification of oligoade-
nylate chains.

By performing enzymatic deadenylation experiments featur-
ing CNOT7 deadenylase, we were able to identify Oas that were
completely resistant to this type of specific degradation. Both
the position and type of modification affected these results; for
instance, neither G nor m6A modifications suppressed dead-
enylation, but PS, Am, and AF modifications effectively stopped
CNOT7 deadenylase, especially when introduced at the 3’ end
of the OA chain.

Finally, we selected two OAs with high affinity for PABP1� 190

and full resistance to specific deadenylation and evaluated
them as translation inhibitors in the RRL system alongside the
poly(A) analog SPOT-ON[23] and a known cap-derived eIF4E
inhibitor. Although all three OAs had inhibitory potential, our
results strongly suggested that introducing a small number of
modifications at specific positions can be more beneficial than

Figure 5. Influence of poly(A) analogs on the translation efficiency of mRNAs
with poly(A) tails. The measured luminescence of the reaction product
catalyzed by firefly luciferase is assumed to correlate with mRNA translation
efficiency. Data represent the mean values � standard deviation (SD)
obtained from three experiments of A) translation inhibition by poly(A)
analogs (Am5, Aps10 or Am6/SPOT-ON) and m7GpsppG plotted as a function
of ligand concentration or co-inhibition by m7GpsppG at 1.03 μM and B)
Aps10 or C) Am5 at 28 μM normalized to the translation efficiency of mRNA
alone. Statistical significance: (*) P<0.05, (**) P<0.01, (***) P<0.001, (****)
P<0.0001 (one-way analysis of variance [ANOVA] with Dunnett’s multiple
comparison test).
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fully modifying the oligoadenylate chain, as is the case with
SPOT-ON. Indeed, in our MST-based binding affinity assay,
SPOT-ON exhibited a much lower affinity for PABP1� 190 than our
Am5 and Aps10 OAs (which had affinity close to unmodified A12)
and had an IC50 value in RRL that was one order of magnitude
higher than those of our inhibitors. However, this hypothesis
requires further verification in cell culture and in vivo models.

The field of RNA-based therapeutics is ever-expanding and
poly(A) tail modification has attracted increasing interest as a
potential way to improve mRNA stability and translational
efficiency. Although more in-depth research is necessary to fully
evaluate chemically-modified OAs or mRNAs carrying them as
potential therapeutic agents, we believe that our implemented
methodology and findings can be capitalized upon for the
future development of RNA-based biological tools.

Experimental Section

Chemical synthesis

General information on oligonucleotide solid-phase synthesis
procedures

Solid-phase synthesis was performed using AKTA Oligopilot synthe-
sizer. Reagents and solvents were sourced commercially. Five
phosphoramidite equivalents were used for each coupling step.
Oligonucleotides were synthesized on a 10 μmol scale.

Cleavage from the solid support with simultaneous deprotection
was performed using AMA (1 :1 concentrated aqueous ammonia
and concentrated aqueous methylamine) at 50 °C for 1 h, followed
by filtration (to remove solid support particles) and freeze-drying.
Final deprotection of the 2’-OH group was performed using
triethylamine trihydrofluoride in DMSO at 60 °C for 4 h. After
precipitation in n-butanol with sodium acetate (final concentration
75 μM), analogs were purified using an Agilent Tech. Series 1200
HPLC with a Clarity Oligo-RP C-18 column (150×10 mm, flow rate
5 mL/min) in triethylamonium acetate (TEAAc) buffer with a linear
acetonitrile gradient, coupled with UV-Vis detection at 260 nm. The
structure and homogeneity of the synthesized oligonucleotides
were confirmed using high-resolution mass spectrometry with
negative electrospray ionization.

A12: Ribo A300 CPG 1000/110 support (34 mg, 10 μmol) was
suspended in dry acetonitrile. 2’-TBDSilyl adenosine (n-acetyl) CED
phosphoramidite (642 mg, 650 μmol; LinkTech, Biosearch Technolo-
gies) was dissolved in acetonitrile to a final concentration of 0.2 M.
The synthesis product was cleaved, deprotected, and purified
according to the general procedure.

5’-Hex-A12: Synthesis was performed using a similar method as for
A12 synthesis, with additional final coupling with 5’-hexynyl
phosphoramidite (29.8 mg, 100 μmol; Glen Research), which was
also dissolved in dry acetonitrile to a final concentration of 0.2 M.

Am, m
6A, AF and G oligonucleotides: Modified polyA analogs were

synthesized using a similar protocol as for the A12 but with
particular coupling steps performed using dry acetonitrile solutions
of 2’-O-methyl-rA(bz) phosphoramidite, N6-methyl-A-CE phosphor-
amidite, and 2-F� Ac-C-CE phosphoramidite or Ac� G-CE phosphor-
amidite (LinkTech, Biosearch Technologies).

Phosphorothioate-modified oligonucleotides: Oligonucleotides
containing phosphorothioate linkages were obtained using the

method used for A12 synthesis with certain couplings followed by
sulfurization with 3-ethoxy-1,2,4-dithiazoline-5-one (0.05 M solution
in acetonitrile) to form a phosphorothioate (PS) linkage.

5’-FAM-A12: 5’-Hex-A12 (1 mg, 234 nmol) was dissolved in 9.5 μL of
water to afford 25 mM solution and then 1 μL of 94 mM aqueous
solution of CuSO4 (0.4 equiv.) and 1 μL of 0.94 M aqueous solution
of sodium ascorbate (4 equiv.) were added. Next, 5-FAM-azide
(3.5 μL, 100 mM solution in DMSO, 1.5 equiv.; Lumiprobe) was
added to the final volume of 15 μL. The final concentrations of the
5’-HEX-A12, CuSO4, sodium ascorbate and 5-FAM-azide substrates
were as follows: 15.8 mM, 6.3 mM, 63 mM, 23.3 mM. The reaction
was stirred at room temperature for approximately 1 h until full
conversion was achieved. The product was purified using reverse-
phase high-performance liquid chromatography (HPLC) and the
collected eluate was freeze-dried to afford 0.8 mg (178 nmol) of
solid 5’-FAM-A12 (yield: 76%). The structure and homogeneity of the
synthesized oligonucleotide probe was confirmed using high-
resolution mass spectrometry with negative electrospray ionization.
HRMS ESI (-) m/z calculated for C149H169N64O79P12

� [M-2H]2�

2244.90326, found 2244.89680.

MST binding assay

Sixteen solutions with decreasing PABP concentrations were
prepared in MST buffer (50 mM HEPES, 100 mM KCl, 1 mM EDTA,
0.2% Tween20, pH 7.4) by serial half-log dilution, starting from the
highest PABP concentration of 10 μM. Each solution was mixed
with an equal volume of 50 nM 5’-FAM-A12 solution in the same
buffer (final concentration of the probe in the sample was 25 nM).
After 15 min incubation at room temperature, Monolith NT.115
Capillaries were filled with each solution and MST was measured
(25 °C, blue detector, 20% laser power). Thermophoresis data was
analyzed using Palmist software (version 1.5.8).[33] Data points for
the binding curve were acquired using Temperature Jump (TJ)
mode. The binding curve was fitted using 1 :1 direct binding model
and the KD value was calculated as an average value � S.D. from at
least three independent measurements. Raw data from all MST
measurements (MST traces) and binding curves can be found in the
Supporting Information file.

MST competition assay

PABP (600 nM) and 5’-FAM-A12 (50 nM) were incubated for 15 min
at room temperature in MST buffer. Sixteen solutions with
decreasing concentrations of the poly(A) analog in the same buffer
were prepared by serial half-log dilution, starting from the highest
concentration of 150 μM. Equal volumes of the PABP/5’-FAM-A12

solution was then added to each poly(A) analog sample and
incubated for 15 min at room temperature (the final concentrations
in the assay of PABP, 5’-FAM-A12, and poly(A) analog were 300 nM,
25 nM, 75 μM–23 nM, respectively). Sixteen Monolith NT.115 Capil-
laries were filled with each of the prepared solutions and MST was
measured for each sample (25 °C, blue detector, 20% laser power).
Thermophoresis data was analyzed using Palmist software. The
data points for the binding curve were acquired using Temperature
Jump (TJ) mode. The binding curve was fitted using 1 :1 direct
binding model and the KD app values were calculated as an average
value � S.D. from at least three independent measurements. Raw
data from all MST measurements (MST traces) and binding curves
can be found in the Supporting Information file.
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CNOT7 degradation assay

The reaction was initiated by mixing 30 μL of 6.25 ng/mL CNOT7[22]

solution in a reaction buffer (Tris 25 mM, 25 mM DTT, 12.5 mM
MgCl2, 125 mM KCl, pH 8.0) with 7.5 μL aqueous solution of poly(A)
analog (100 μM) to afford following final concentrations: 5 ng/mL
CNOT7, 20 μM poly(A) analog, 20 mM Tris, 20 mM DTT, 10 mM
MgCl2, 100 mM KCl. Reactions were incubated for total time of
30 min at 37 °C, 750 rpm. During the incubation, an aliquot
(3.75 μL) from each reaction was taken every 5 min and stopped by
mixing with 4 μL of loading dye and aqueous EDTA (25 mM)
mixture and put on ice. A control sample was prepared by mixing
poly(A) analog and buffer solutions at the same concentrations
without CNOT7.

High resolution urea-polyacrylamide gel electrophoresis

First, 36 mL of 18% polyacrylamide and 8 M urea solution in Tris-
Borate-EDTA (TBE) buffer were mixed with 360 μL of 10%
ammonium persulfate (APS) and 14.4 μL of Tetrameth-
ylethylenediamine (TEMED). After polymerization in a gel-casting
chamber (20 cm×22 cm×1 mm), a 30 min pre-run (23 W) was
performed to heat the gel. Samples (3.5 μL) were then loaded and
electrophoretic separation was performed for 1.5 h. The gel was
stained for 10 min using SYBR gold dye solution in water and
imaged using a Typhoon Gel Imaging System. Band intensity was
determined using ImageJ software.

PABP1� 190 expression and purification

The sequence encoding the N-terminal region of the human PABP1
protein (Gene ID: 26986) containing the RRM1 and RRM2 motifs
(PABP1� 190) was amplified from the pET11_PABP1 plasmid using
PABP1_hs_FL_SL_for (5'-GAAGTCTACCAGGAACAAACCGGTGGATC-
CATGAACCCCAGTGCCCCCAG-3') PABP1_hs_190_SL_rev (5'-
CTCAGTGGTGGTGGTGGTGGTGGTGCTCGAGTTATTA-
GAATTCTTTTGCCCTAGCTCC-3') primers. Amplified sequence was
further subcloned using the SLIC approach into a pET28-derived
expression vector linearized with BamHI and XhoI restriction
enzymes. The fusion protein was overexpressed in an E. coli
BL21(DE3) CodonPlus-RIL (Stratagene) expression strain in LB
medium supplemented with kanamycin (50 μg/mL) and chloram-
phenicol (32 μg/mL). 6×His-SUMO-PABP1� 190 expression was in-
duced with 1 mM IPTG at an optical density (OD600) of ~0.6. Cells
were cultured for a further 16 h at 18 °C, spun down at 5000×g at
4 °C for 15 min, and stored at � 20 °C. For purification, cells from
250 mL of culture were thawed, resuspended in 30 mL of lysis
buffer (100 mM NaCl, 30 mM Tris-HCl pH 8.5, 10% glycerol, 5 mM β-
mercaptoethanol, and 10 mM imidazole) supplemented with
protease inhibitors (aprotinin, leupeptin, pepstatin, and PMSF) and
lysozyme (1 mg/mL) and incubated on ice for 30 min. After the
NaCl concentration in the lysis solution had been increased to
500 mM, cells were incubated on ice for 15 min and disrupted by
sonication. The cell extract was clarified by centrifugation at
15000 rpm at 4 °C and filtered using syringe filters with a 0.45 μm
PVDF membrane. Clarified lysates were loaded onto a 5 mL HisTrap
FF column (GE Healthcare) equilibrated with buffer containing
500 mM NaCl, 30 mM Tris-HCl pH 8.5, 10% glycerol, 5 mM β-
mercaptoethanol, and 10 mM imidazole. The 6×His-SUMO-
PABP1� 190 protein was eluted using equilibration buffer supple-
mented with 300 mM imidazole. To remove the N-terminal 6×His-
SUMO tag, 5 μL His6_Ulp1 Sumo protease (MCLAB) was added to
10 mL of the eluted 6×His-SUMO-PABP1� 190 protein. The mixture
was dialyzed overnight at 4 °C against a buffer containing 500 mM
NaCl, 30 mM Tris-HCl pH 8.5, 5% glycerol, 0.5 mM EDTA, 0.5 mM
DTT, and 10 mM imidazole. After being filtered using a 0.45 μm

PVDF membrane, the mixture was loaded onto a 5 mL HisTrap FF
column (GE Healthcare) equilibrated with dialysis buffer. The flow-
through fraction containing PABP1� 190 was filtered, concentrated
using an Amicon Ultra-15 (Millipore) filtration unit, and loaded onto
a Hi Load 26/600 Superdex 75 gel filtration column (GE Healthcare),
equilibrated with buffer containing 100 mM NaCl, 30 mM Tris-HCl
pH 7.5, 5% glycerol, 0.5 mM EDTA, and 0.5 mM DTT. Proteins
collected after size-exclusion chromatography were analyzed using
12% PAGE and selected fractions were concentrated using an
Amicon Ultra-4 10 kDa MWCO (Millipore) filtration unit to 2.26 mg/
mL (105 μM), aliquoted, flash-frozen with liquid nitrogen, and
stored at � 80 °C. The final A260/280 ratio of ~0.6 confirmed that
PABP1� 190 was not contaminated with RNA.

Preparation of firefly luciferase-coding mRNA

The mRNAs for studying translation inhibition were prepared by
in vitro transcription. The final transcript contained a short 5’ UTR,
ORF, two consecutive H. sapiens β-globin 3’ UTRs, and poly(A)35

tail.[52] The reaction (30 μL) was conducted for 4 h at 40 °C in
transcription buffer (40 mM Tris-HCl pH 7.9, 10 mM MgCl2, 1 mM
DTT, and 2 mM spermidine), 10 U/μL SP6 HC RNA polymerase
(ThermoFisher Scientific), 2 U/μL RiboLock RNase inhibitor, 2 mM
ATP, CTP, and UTP, 0.25 mM GTP, 2.5 mM of “anti-reverse” cap
analog (ARCA) m2

7,3’� OGpppG,[53] and 100 ng/μL of the PCR-amplified
template. Crude mRNA was purified using NucleoSpin RNA Clean-
up XS (Macherey-Nagel) and then by RP HPLC using an Agilent
Technologies Series 1200 HPLC with an RNASepTM Prep (ADS Biotec)
column at 55 °C, applying a 40–60% linear gradient of buffer B
(0.1 M triethylammonium acetate pH 7.0 and 25% acetonitrile) in
buffer A (0.1 M triethylammonium acetate pH 7.0) over 25 min at
0.9 mL/min. mRNA was recovered by precipitation with NaOAc
pH 5.2 (final concentration 0.3 M) and one volume of isopropanol,
followed by two washing steps with 0.4 mL of 70% ethanol. The
mRNA concentration was determined from the extinction coef-
ficient predicted for the actual mRNA sequence using DNA
Calculator software (www.molbiotools.com) and the spectrophoto-
metric absorbance measurement at 260 nm. mRNA purity was
analyzed by 1× TBE 1% agarose gel electrophoresis.

Translation efficiency assay

An RRL system (Promega) was used to study the influence of the
poly(A) analogs on the translation efficiency of firefly luciferase-
coding mRNA. RRL (4 μL) was diluted with 4 μL of translation buffer
containing 100 μM amino acid mixture, 475 mM KOAc, and 2.5 mM
MgOAc, and incubated for 1 h at 30 °C. Next, 1 μL of 0.5 ng/μL
HPLC-purified mRNA mixed with 1 μL of poly(A) analog or
m7GpsppG dilution (0.0262–100 μM) was added to 8 μL of the
translation mixture and incubated for 1 h at 30 °C. The reaction was
stopped by freezing in liquid N2. To detect luminescence, 50 μL of
Luciferase Assay Reagent (0.47 mM luciferin (VivoGlo™ Luciferin,
in vivo grade; Promega), 20 mM tricine, 3.55 mM Mg(HCO3)2,
2.66 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 0.53 mM ATP, and
0.27 mM coenzyme A) was added to 10 μL of the translation
mixture, thawed on ice, and diluted 2× with H2O. Luminescence
was measured using a Synergy H1 (BioTek) microplate reader. To
compare the effect of poly(A) analogs on translation efficiency, the
mean luminescence values were normalized to the luminescence
signal obtained for samples without ligands.

Co-inhibition by poly(A) analogs and m7GpsppG

One microliter of 0.5 ng/μL HPLC-purified mRNA mixed with either
1 μL of 280 μM poly(A) analog (Am5 or Aps10), 1 μL of 10.3 μM
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m7GpsppG, or both were added to the translation mixture (4 μL RRL
mixed with 4 μL translation buffer), preincubated for 1 h at 30 °C
and incubated for 1 h after ligand addition. Luminescence was
measured as described above. To compare the translation efficien-
cies of firefly luciferase-coding mRNA in the presence of m7GpsppG,
poly(A) analogs, or both, mean values were normalized to the
luminescence of samples without ligands.
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